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ABSTRACT
The Use of Concentration of Anti-Mullerian Hormone (AMH) as an Indicator of
Reproductive Performance in Livestock Species
Adam Karl Russell Redhead
Reproductive success is essential for high levels of animal productivity. Low fertility has
been identified as one of the main constraints hindering the productivity of livestock
systems. To address this problem, several tools such as genomic selection and assisted
reproductive techniques (ART) have been implemented. Two of the more common ART
used to improve reproductive performance are artificial insemination (AI) and embryo
transfer (ET). The success of these methods is highly dependent on individual animal
characteristics; therefore the ability to select animals that provide high levels of
reproductive success is essential. The size of the ovarian antral follicular population
(AFP) is directly determined by the antral follicular count (AFC) and can help determine
reproductive success in sheep and success in ART in water buffaloes. The circulating
levels of anti-mullerian hormone (AMH) have been found to be associated with AFP and
may be an important endocrine marker in selection of females of high reproductive
potential. In study 1, the effect of breed on AMH and the relationship between AMH and
fertility in replacement ewes was evaluated. Katahdin females had a higher A than
Dorset/Texel (DT) and Suffolk females. Katahdin females with HIGH AMH had a higher
conception rate and lambing to first service than females with LOW AMH. AMH did not
affect conception rate and lambing to first service in DT females. Katahdin females that
conceived and lambed to the first service had a higher concentration of AMH.
Concentration of AMH did not differ among DT females. In study 2, the concentration of
AMH and the relationship between AMH and age, follicular growth and development in
water buffaloes was evaluated. The within cow repeatability of the concentration of
AMH was 0.97. AMH generally increased until ten years of age and then decreased. The
mean concentration of AMH was 194 pg/ml. Females with HIGH AMH had more large
follicles and follicles with a greater diameter than females with LOW AMH. In study 3,
the relationship between circulating AMH and type of FSH preparation (FSHp and
Folltropin) on follicular growth and development and ovulatory response in water
buffaloes was evaluated. In animals treated with FSHp, HIGH systemic AMH was
associated with more small follicles. AMH had no effect on small follicles in animals
treated with Folltropin V. In animals treated with Folltropin V, HIGH AMH was
associated with a higher ovulation rate. AMH had no effect on the number of ovulated
follicles in animals treated with FSHp. These studies provide evidence that AMH varies
among breeds of sheep, with age in water buffaloes and may be a reliable endocrine
marker to predict ovarian response to superovulation treatments in water buffaloes.
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CHAPTER 1
STATEMENT OF PROBLEM

As animal scientists, we are faced with the challenge of meeting the growing demand for
food. Enhancing and accelerating sustainable agricultural productivity is a central component of
a comprehensive strategy to meet this demand. Productive efficiency (measure of output per unit
of input) allows more food to be produced while maximizing the use of scarce resources. To
improve productive efficiency, the producer may use three main strategies to increase their
production yields, (1) expansion – using more land or extending irrigation to cropland so that it
can be harvested frequently and protected from drought (2) intensification – using fertilizer,
machinery, labor or other inputs on land used to grow crops or produce livestock and (3)
adopting technologies and farming practices that result in more output from existing inputs or
resources which is measured by total factor productivity (TFP). TFP is the ratio of agricultural
outputs (crop and livestock output) to inputs (land, labor, fertilizer, feed, machinery and
livestock). It measures the changes in efficiency with which inputs are transformed into outputs.
The global population is increasing, resulting in the increasing demand for food, the efficiency
with which inputs are transformed into outputs (TFP) needs to be increased. This is particularly
true for developing economies and particularly tropical developing countries where natural
resources are often limited.
Presently the livestock industry is one of the fastest growing sectors in the world and has
the capability to meet the global demand for food in the form of protein. As global population
and wealth increase, so will the demand for livestock products with the emphasis on highly
nutritious products. Animal biotechnology is increasingly becoming a sustainable means of
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improving livestock productivity and has the potential to improve productivity via growth,
carcass quality, reproduction, improved nutrition and feed utilization, improved food quality and
safety, improved animal health and welfare of animals and reduced waste through more efficient
utilization of resources (Ramli et al., 2011).
Reproductive success is essential for high levels of animal productivity. Conversely,
reproductive failure is one of the most significant factors that limit the productivity of livestock
systems and result in the loss of millions of dollars. To address this problem, several tools have
been implemented using technologies such as genomic selection and assisted reproductive
techniques (ART). Genomic selection has already been adopted by tropical dairy breeds (Zhang
et al., 2013) and is being used together with ART to increase availability of improved cattle
genetics (Garcia et al., 2013). In addition, ART has also been used to improve reproductive via
artificial insemination (AI) and embryo transfer (ET) (Smidt et al., 1999; Vishwanath et al.,
2003). The aim of these methods is to increase production, reproductive efficiency and rates of
genetic improvement (Madan, 2005). Success via these methods comes from the ability to
increase the production of offspring from selected females. The outcome of these methods is also
highly dependent on the individual characteristics of the animal. Therefore, the ability to select
animals with high levels of reproductive success following ART will improve the cost
effectiveness of such techniques and make them more feasible in species that are better adapted
to tropical developing states.
Water buffaloes are ideally suited for the production of meat and milk in developing
countries (Rastogi et al., 2004). However, the rate of genetic improvement and widespread use of
improved genetics has been limited due to high variability in reproductive outcomes following
ART. Many of the super ovulatory protocols used in water buffalo have been developed based on
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research conducted in cattle (Madan et al., 1996). However, when compared to cattle, the
superovulatory response is lower (Madan et al., 1996; Songasen et al., 1999; Techakumpu et al.,
2000; Drost, 2007; Neglia et al., 2010, Li et al., 2011), which makes the use of embryo transfer
procedures economically infeasible for water buffaloes. Due to the low and variable response to
superovulation treatment in water buffaloes, the ability to select females that will show a high
and repeatable response to superovulation treatments will be beneficial in attempts to collect,
preserve, improve and use water buffalo genetic resources.
In cattle, the circulating concentrations of AMH have been found to be associated with
and capable of predicting AFP (Ireland et al., 2008; Rico et al., 2009; Batista et al., 2014). In
addition, the concentration of AMH can also predict the response to superovulation treatments in
cattle (Monnaiux et al., 2010; Souza et al., 2014), goats (Monniaux et al., 2011) and sheep
(Lahoz et al., 2014). Little data exist on the systemic concentration of AMH in water buffaloes,
the correlation between the concentration of AMH and AFP and the relationship between the
concentration of AMH and the superovulatory response. Variability in superovulation response
has been linked to factors such as type of gonadotropins used in these treatments and age of the
donor (Kafi et al., 1997). The effect of type of gonadotropin treatment, and age on
superovulatory response in water buffaloes has not been fully examined.
Recently, the concentration of AMH has also been shown to be a useful tool to predict
fertility in some livestock species. In cattle, the concentration of AMH in plasma was shown to
be positively correlated with the maintenance of pregnancy post-AI (Ribeiro et al., 2014) and to
be a predictor of longevity in the breeding herd (Jimenez-Krassel et al., 2015). In one study,
using a single breed of sheep, the concentration of AMH measured at an early age was shown to
be a predictor of fertility at first mating (Lahoz et al., 2012). In cattle it was reported that the
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concentration of AMH varies with breed (Batista et al., 2014; Baldrighi et al., 2014; Guerreiro et
al., 2014; Stojsin – Carter et al., 2016); therefore, the relationship between the concentrations of
AMH in replacement females might not be consistent across breeds of sheep. Furthermore, the
use of AMH as a selection tool can reduce the associated cost with raising replacement females
and the losses associated with involuntary culling of breeding females as a result of reproductive
failure. Limited data exist on the use of concentration of AMH to predict fertility across different
breeds in sheep.

Therefore the objectives of these studies are:

(1) To evaluate the concentration of AMH of different breeds of replacement ewes.

(2) To determine if the relationship between the concentration of AMH and fertility varies
with breed in replacement ewes.

(3) To determine the concentration of AMH in water buffaloes and its relationship to age,
pattern of growth and development of follicles in water buffaloes.

(4) To determine the relationship between circulating concentrations of AMH and type of
FSH preparation on follicular growth and development and ovulatory response in water
buffaloes.
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CHAPTER 2
LITERATURE REVIEW

Livestock systems occupy approximately 30% of the world’s ice free terrestrial surface
area (Steinfeld et al., 2006) and provides employment for the minimum of 1.3 billion people
globally while directly supporting the livelihoods of approximately 600 million poor farmers in
the developing world (Thorton et al., 2006; 2010). Rosegrant et al. (2009) reported that livestock
products contribute 17 and 33 percent to global calorie and protein consumption, respectively.
Presently, the livestock industry is one of the fastest growing sectors in developing
countries. This growth is as a result of the rapid demand for livestock products driven by
population growth, urbanization and increasing incomes. The population of the world in 2050 is
projected to be 9.15 billion (Alexandratos et al., 2012). Approximately one sixth of the global
population currently does not meet their daily nutritional demand (Canadian International
Developmental Agency, 2013). As both global population and wealth increase, so will the
demand for livestock products. Competition for land and water resources from other industries
will also intensify, necessitating more efficient livestock production systems (Hayes et al., 2013).
Animal biotechnology is increasingly becoming a sustainable means of improving
livestock productivity and has the potential to improve growth, carcass quality, reproduction,
improved nutrition and feed utilization, improved food quality and safety, improved animal
health and welfare and reduced waste through more efficient utilization of resources (Ramli et
al., 2011). Efficient reproduction is of utmost importance for the sustainable improvement of
animal productivity and is a critical factor influencing the economic viability of livestock
farmers. Low fertility is often identified as one of the primary constraints hindering the
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efficiency of livestock production systems. Assisted reproductive technologies (ART) provide a
means whereby reproductive performance may be improved (Shelton et al., 1990; Kahi et al.,
2008; Choudhary et al., 2016). Two common methods of ART are artificial insemination (AI)
and embryo transfer (ET) (Smidt et al., 1999). The main aim of these methods is to increase
production, reproductive efficiency and rates of genetic improvement (Madan, 2005). Assisted
reproductive technologies (ART) have been introduced to overcome reproductive problems. The
success of these techniques is highly dependent on the individual physiological characteristics of
the animal such as the ovarian antral follicle population (AFP). As a result of this, the efficiency
of these ART technologies can be compromised by the large variability of AFP among donor
animals. Therefore, selection of animals for use in these techniques is of great importance.
Two primary selection tools are evaluating the genome of the animal and the use of
endocrine markers. Genomic selection has already been adopted by dairy industries worldwide
and is expected to double genetic gains for milk production and other traits (Thomasen et al.,
2016; Henryon et al., 2014). In the last decade, the use of endocrine markers in selection has
increased including the use of endocrine markers for determination of AFP. The pool of healthy
oocytes and ovaries (the ovarian reserve) is highly variable at birth and the number of oocytes,
follicles and their quality decrease rapidly with age in humans (Gougeon et al., 1994), cattle
(Erickson et al., 1966), sheep (Steckler et al., 2005) and swine (Black et al., 1968). Endocrine
markers together with ultrasound techniques have been used to estimate the ovarian reserve.
Indirect markers of AFP include concentrations of follicle stimulating hormone (FSH) (Burger
et al., 2002; Caroppo et al., 2006; Roudebush et al., 2008; Kahapola Arachchige et al., 2012),
luteinizing hormone (LH) (Noci et al., 1998; Shrim et al., 2006; Brodin et al., 2009; Chun et al.,
2014), estradiol (Smotrich et al., 1995; Evers et al., 1998; Mikkelsen et al., 2001) and FSH to LH

6

ratio (Mukherjee et al., 1996; Perloe et al., 2000; Liu et al., 2008). Direct markers of AFP include
the concentration of inhibin B (Seifer et al., 1997; 1999; Muttukrishna et al., 2004) and the
concentration of Anti-mullerian hormone (AMH). Recently, the circulating concentration of
AMH has been found to be associated with AFP (Ireland et al., 2008; Rico et al., 2009; Batista et
al., 2014) and identified as an important endocrine marker of superovulation response (Rico et al.
2009; Monnaiux et al., 2010; Souza et al., 2014) and in-vitro embryo production (IVEP) in cattle
(Gamarra et al., 2014; Guerreiro et al., 2014; Vernunft et al., 2015). In addition, some authors
have suggested using AMH to predict fertility (Ribeiro et al., 2014) and herd longevity (JimenezKrassel et al., 2015) in cattle.

Anti-Mullerian Hormone (AMH)

Anti-Mullerian hormone or mullerian inhibiting substance (MIS) is the factor which
forms the basis of the uterus, oviducts and upper part of the vagina (Jost, 1947; Munsterberg et
al., 1991). It is a 140-kDa dimeric glycoprotein hormone which belongs to the transforming
growth factor-β (TGF-β) family (Cate et al., 1986). The isolation and characterization of the
human AMH gene showed that the gene consists of five exons and maps to chromosome 19
(Cate et al., 1986; Picard et al., 1986). AMH is generated as a large precursor with a short signal
sequence. This is followed by the prohormone which forms homodimers (Zec et al., 2011).
Before secretion, the mature hormone undergoes glycosylation and dimerization to produce a
144 k-Da dimer which is comprised of disulphide linked 72 kDa monomer sub units (Zec et al.,
2011). Each monomer contains an N terminal domain and a C terminal domain called the pro
and mature regions, respectively (Pepinsky et al., 1988; Wilson et al., 1993). It was suggested
that the N terminal domain controls the activity of the C terminal domain and is responsible for
7

the biological activity of the molecule. As AMH is transported through the cytoplasm,
approximately 5 to 20 % of the prohormone AMH is cleaved at a specific site between the N and
C terminal domains of the 72 kDa monomer to form two polypeptides, 58 kDa, the pro region,
and 12 kDa, the mature region (Pepinsky et al., 1988; Wilson et al., 1993).

AMH Signaling

Since AMH is a member of the TGF-β family, it was thought that AMH signals through a
serine-threonine kinase receptor complex consisting of ligand specific type II receptors and more
general type I receptors, also known as activin receptor like protein kinases (ALKS) (Visser et
al., 2005; Massaque et al., 1990). With respect to AMH, AMH type II receptor (AMHRII) has
been identified (Baarends et al., 1995) and shown to be involved in the signaling process
(Mishina et al., 1996; Durlinger et al., 2002a). Jamin et al. (2002) reported that BMPr1a (Bone
morphogenetic protein receptor type 1A) is a type 1 receptor for AMH induced regression of the
Mullerian ducts which suggests that AMH uses the same pathway as the BMP (Bone
Morphogenetic Protein) family (Jamin et al., 2002; Visser et al., 2014). Three BMP type 1
receptors ALK2, ALK3 and ALK6 have been shown to be associated with AMH type 1
receptors. Visser et al. (2001) reported that in an in vitro mullerian duct regression assay,
treatment with antisense ALK2 inhibited AMH induced regression. Gouedard et al. (2000)
reported the co-immunoprecipitation of known type 1 receptors with different AMH type 2
(AMHRII) receptors and ALK6 was the only type I receptor interacting in a ligand-dependent
manner with AMHRII. This study also revealed that AMH activates the smad 1 pathway. In

8

contrast, Clarke et al. (2001) reported that ALK6 functions as an AMHR1, but on examination of
ALK6 null mice, no abnormalities in mullerian duct regression occurred.

Expression of AMH and its receptors in the ovary

In females, AMH is only expressed postnatally in the ovary. The mRNA and protein exist
in the granulosa cells of preantral and small antral follicles of both rat and mouse (Hirobe et al.,
1992; Durlinger et al., 2002b; Baarends et al., 1995). However, the pre-granulosa cells of
primordial follicles do not express AMH. Granulosa cell expression occurs during a specific
window of folliculogenesis shortly after the primordial follicle begins to grow (Taketo et al.,
1993; Baarends et al., 1995; Durlinger et al., 2002; Seifer et al., 2007). AMH concentration
varies during the growth of the follicle and occurs at low levels in primary follicles, increases to
a maximum concentration in large preantral and small antral follicles (Salmon et al., 2004;
Grondahl et al., 2011) and declines as the follicles grows further (Durlinger et al., 2002b).
Immunohistochemical studies of AMH in human granulosa cells showed that the highest
expression was found in follicles with a diameter of less than 4mm and decreased during the later
stages of follicle development (Weenen et al., 2004; Visser et al., 2006). Intrafollicular
concentrations of AMH become progressively lower with increasing follicular diameter
(Andersen et al., 2010).
AMH is expressed in rat preovulatory follicles (Ueno et al., 1989; Hirobe et al., 1994)
and is a unique factor that promotes preantral follicle growth but not preantral follicle cell
differentiation (McGee et al., 2001). AMH expression disappears when a follicle becomes atretic
(Baarends et al., 1995; Durlinger et al., 2002a) and is not expressed in the theca cells, oocytes
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and interstitial cells of the ovary (Hirobe et al., 1994; Baarends et al., 1995; Durlinger et al.,
2002a).
In contrast to AMH, the AMHRII is found in the Mullerian duct mesenchymal cells and
sertoli cells in the testes of the male and granulosa cells of the female (di Clemente et al., 1994;
Baarends et al., 1995). AMHRII expression occurs in the same areas where AMH in the
granulosa is expressed in the postnatal ovary of mice and rats (Baarends et al., 1995). The AMH
type I receptor (AMHRI) is expressed in the fetal and adult mouse ovaries, however, ALK6 is
not expressed in the ovaries of mouse fetuses (Visser et al., 2001). ALK6 is expressed in the
oocytes of small and large antral follicles and in the granulosa cells of large antral follicles and
does not co-localize with the AMHRII (Yi et al., 2001).
In cattle, the cumulus cells and the outer layers of the granulosa cells close to the theca
are preferred areas of high concentrations of AMH expression in healthy antral follicles (Rico et
al., 2011). AMH expression is strongly diminished in atretic follicles, except in the cumulus cells
surrounding the oocyte (Rico et al., 2011).

Regulation of AMH Expression

Several factors that are involved in sex determination and differentiation appear to be
important in the regulation of AMH expression. Sry (sex determining region of the Y
chromosome) is a transcription factor encoded by the Sry gene located on the Y chromosome
and can cause an increase in AMH promoter activity. Sequences within 2kb of the AMH
promoter region are sufficient for granulosa cell specific expression and sertoli cell specific
expression (Peschon et al., 1992). To support this conclusion, Shen et al. (1994) and Dresser et
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al. (1995) used deletion analysis to demonstrate that regulating sequences are contained within
the most proximal 180bp of the AMH 5’ flanking region. Further, a Sry binding region has been
identified in the AMH promoter (Haqq et al., 1994).
Besides the Sry binding, a second putative element was identified in the AMH promoter
which is known as the AMH-RE-1. This 20 bp AMH-RE-1 contains a motif that resembles the
half site for a number of nuclear hormone receptors (Shen et al., 1994). SF-1 (Steroidogenic
factor 1) controls the transcription of key genes involved in sexual development and
reproduction, and binds the AMHRE 1. A mutation that abolished binding of SF-1 to the region
demonstrated that the SF-1 binding site was essential for sex and cell specific AMH promoter
activity (Giuli et al., 1997). A second SF-1 binding site exists in the distal part of the AMH
promoter in humans (Watanabe et al., 2000). It was thought that SF-1 regulates AMH in vivo
and participates directly in the process of mammalian sex determination (Shen et al., 1994).
Other factors also play a role in the expression of AMH. Pelletier et al. (1991) suggested
that WT-1 (Wilms tumor protein), which plays an essential role in the normal development of the
urogenital system, might be involved in the modulation of AMH mRNA expression. WT-1
mutations are often associated with persistent Mullerian duct structures (Little et al., 1997). In
co-transfection studies, WT-1 associates with AMH activation and this activation of the AMH
promoter by WT-1 only occurs in the presence of AMHRE-1. Further, the synergistic association
is antagonized by co-expression of Dax 1 (Nachtigal et al., 1998).
The AMH promoter also contains a canonical SOX binding site (Sry related HMG box)
that can bind the transcription factor SOX 9. SOX 9 can associate with SF-1 in activating the
AMH promoter (Santa Barbara et al., 1998). The AMH promoter is also a target for the zinc
finger transcription factors GATA 1 and GATA 4 (Vigier et al., 1998: Beau et al., 2000).
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Multiple GATA binding sites were found in the AMH promoter and both GATA 1 and GATA 4
were able to bind to these sites (Watanabe et al., 2000). GATA 4 indirectly enhances AMH gene
expression through association with SF-1 (Tremblay et al., 1999).
It has been proposed that gonadotropins regulate AMH expression. However conflicting
results exist. Pellat et al. (2007) reported that in vitro neither FSH nor LH have an effect on
production of AMH from human granulosa cells of normal ovaries. In contrast, in polycystic
ovaries LH enhances and FSH inhibits AMH production. Further, human chorionic gonadotropin
(HCG) enhances AMH expression in human granulosa cells (Voutilainen et al., 1987), and
primates (marmoset) treated with GnRH antagonist showed a decrease in AMH expression in
preantral follicles (Thomas et al., 2007).
Treatment of prepubertal rats with gonadotropin releasing hormone (GnRH) antagonist
and estradiol benzoate resulted in follicle growth and inhibition of AMH and AMHRII mRNA
expression in some but not all preantral and small antral follicles (Baarends et al., 1995). This
study provided evidence that FSH and estrogens may play a role in the down regulation of AMH
and AMHRII mRNA when small antral follicles differentiate into large antral follicles (Baarends
et al., 1995). However, the period just after superstimulatory treatments with FSH, plasma
concentrations of AMH appears to be greater than normal physiological concentrations (Rico et
al., 2009). The authors suggested that this increase in AMH following FSH treatment may be due
to the growth of small follicles that were not detected by ultrasonography (Rico et al., 2009;
2012). In contrast, goats administered exogenous FSH showed a transient decrease in AMH due
to the depletion of small antral follciles and development of preovulatory follicles (Monnaiux et
al., 2011). FSH also decreased AMH expression in granulosa cells from rats (Baarends et al.,
1995) and cattle (Rico et al., 2011), and in polycystic ovaries from humans (Pellatt et al., 2007).
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Variation in systemic concentration of AMH
Systemic Concentration of AMH

The concentration of AMH was reported to be between 60 to 570 pg/ml in Bos Taurus
and 60 to 780 pg/ml in Bos indicus heifers (Batista et al., 2014; Guerreiro et al., 2014; Ribereiro
et al., 2014). In sheep and goats the range of AMH reported was 0 to 590 pg/ml (Lahoz et al.,
2012;2014) and 80 to 500 pg/ml (Monnaiux et al., 2012), respectively. In water buffaloes, the
concentration of AMH reported was 110 to 320 pg/ml (Baldrighi et al., 2014). Stojsin-Carter et
al. (2016) evaluated the plasma concentration of AMH in Bos taurus indicus (Zebu) and Bos
taurus taurus (European type cattle) and reported that the Zebu cattle had a higher concentration
of AMH (770 vs 330 pg/ml, respectively).

Variation in concentration of AMH within and among breeds

In ovaries of domestic animals, the populations of small antral growing follicles show
little change with time (Scaramuzzi et al., 2011.). Since small antral growing follicles produce
the highest concentrations of AMH, plasma AMH would be expected not to vary significantly
over time for each animal. The concentration of AMH in Holstein dairy cows aged 4 to 9 years
did not change over a three-month period (Rico et al., 2009), and measurements taken before
OPU protocols over one year was significantly correlated with each other (r = 0.88, Rico et al.,
2012) . In nulliparous Saanen goats, plasma concentrations of AMH showed little change due to
season (Monnaiux et al., 2011). Concentration of AMH was not affected by stage of the estrous
cycle or month of gestation (Almeida et al., 2011) in Holstein and Jersey dairy heifers and the
concentration of AMH at estrus did not differ between the natural or synchronized estrous cycles
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(Pfeiffer et al., 2014). These studies provide evidence that the concentration of AMH may be a
characteristic of individual animals and is relatively stable. Although concentrations may remain
very constant within a female, female to female variations exist. In both Holstein and Jersey
heifers, the concentration varied from 2 to 218 pg/ml (Pfeiffer et al., 2014). In other studies with
Holstein heifers were assessed the concentration of AMH varied from 25 to 228 pg/ml (Ireland et
al., 2009) and 6 to 433 pg/ml (Ireland et al. 2011).
AMH also seems to vary among livestock species. The concentration of AMH was
higher in Bos indicus than Bos taurus heifers (Baldrighi et al., 2014; Guerreiro et al., 2014;
Batista et al., 2014; Stojsin-Carter et al., 2016).

Variation in concentration of AMH during the Estrous Cycle

Several studies suggest indicate that the concentration of AMH measured through a full
menstrual cycle does not show consistent fluctuations (La Marca et al., 2004; Hehenkamp et al.,
2006; Tsepelidis et al., 2007). In contrast, Wyunder et al. (2008) reported that the concentration
of AMH declined from between 3190 to 3280 pg/ml in the preovulatory period to 2700 to 2630
pg/ml in the early luteal phase. In addition, the concentration of AMH ranged from 1400 pg/ml
in the early follicular phase, peaked mid cycle at 1700 ± 1100 pg/ml and declined to 1400 pg/ml
in the mid luteal phase of the normal menstrual cycle (Cook et al., 2000).
Concentrations of AMH were similar at estrus and during the subsequent period in
Holstein cows classified either as high AFC or low AFC (Rico et al., 2011). There was no
change in the concentration of AMH from days 6 to 9 prior to ovulation in Angus, Charolais and
Hereford heifers (Ireland et al., 2008), and a strong positive correlation existed in AMH
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measured in blood samples taken at random time points and those taken at proestrus and diestrus
(Souza et al., 2014). Further, a high correlation (r2 = 0.97) was reported between any single
AMH measurement and the overall mean of four to eight daily AMH measurements in the same
individual beef heifer (Ireland et al., 2011). These studies provide evidence that the concentration
of AMH in a female may be constant during estrous cycles. In contrast, the concentration of
AMH decreased after estrus with minimal concentrations between day 4 and day 8 of the estrus
cycle followed by a slow increase until the next estrus (Rico et al., 2011). The author further
suggested that this increase after estrus was as a result of the inhibition by FSH and is not
associated with the decrease in the population of small antral follicles. Furthermore Plasma
AMH concentration appears to be greater than normal physiological levels during the period just
after superstimulatory treatments (Rico et al., 2009; 2012)

Effects of AMH on follicle development in the ovary

Early Follicular Development and Cyclic Recruitment of Follicles and Ovulation

The ovaries at birth contain a large reserve of non-growing primordial follicles that
consist of an immature quiescent egg or oocyte, surrounded by a single layer of flattened pregranulosa cells (Aerts et al., 2010). The number of primordial follicles has been reported to be
12,000 to 19,000 in buffalo heifers (Samad et al., 1979). In contrast, Erickson et al. (1966)
reported that in cattle the average number is 150,000.
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Primordial follicle activation refers to the process by which primordial follicles gradually
exit the nongrowing follicle pool and enter the intermediate or primary follicle stage (Picton et
al., 20010. This activation may be dependent on signals originating in the ovary, pituitary and
metabolism related hormones that are required for folliculogenesis (Picton et al., 2008). In the
ovary the cross talk between oocytes and granulosa and theca cells occur at an early stage of
follicular development (Matuk et al., 2002). The activation of primordial follicles is associated
with oocyte growth and differentiation of the pre-granulosa cells (Da Silva-Buttkus et al., 2008).
The proliferation of these granulosa cells allows multiple layers of cells to originate resulting in
the development of follicles to pre antral and antral follicles (Lintern-Moore et al., 1979; Picton
et al., 2001).
Follicular growth and development in cattle is characterized by two (Ginther et al., 1989)
or three (Burke et al., 2000) waves per estrous cycle. Each wave involves the recruitment of a
cohort of follicles, selection of a group of follicles and dominance of a single follicle (Ginther et
al., 1989).

The necessary features of follicle recruitment, selection, dominance and atresia

during a follicular wave in water buffaloes are similar to those reported in cattle (Sirois et al.,
1988; Ginther et al., 1989). In an estrous cycle, the number of follicular waves in buffaloes may
vary from 1 to 3 with 2 waves being the most common (Baruselli et al., 1997; Neglia et al.,
2007). However, in cattle, four follicular waves have been reported (Rhodes et al., 1995; De
Renesis et al., 1999).
The dynamics of antral follicles involve three main processes, recruitment (emergence),
selection and dominance. Recruitment is the phase of follicular development in which a cohort of
small antral follicles that escape apoptosis, due to increasing levels of FSH, begin to grow (Mc
Gee et al., 2000; Draincourt et al., 2001). Regression of the dominant follicle during a growth
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wave or ovulation at the end of an estrous cycle causes a brief elevation of circulating
concentrations of FSH. Loss of the dominant follicle is accompanied by decreased levels of
estradiol and inhibin synthesized by the follicle (Aerts et al., 2010). The low levels of estradiol
and inhibin reduce the negative feedback to the hypothalamic- pituitary axis resulting in
increased secretion of FSH (le Nestour et al., 1993; Chun et al., 1996; McGee et al., 2000).
However, circulating concentrations of FSH need to surpass a certain level known as the FSH
threshold level for the follicles to grow (Brown et al., 1978).
As the selected follicle proceeds towards dominance, FSH stimulates the secretion of
increasing amounts of estradiol and inhibin produced by the growing follicles (Glister et al.,
2001). At the beginning of deviation, which is the differentiation that occurs between the future
dominant follicle and subordinate follicles (Beg et al., 2006), increasing amounts of estradiol and
inhibin suppress FSH levels during the entire FSH decline (Ginther et al., 2003). The FSH
decline is necessary for the establishment of deviation. Increasing endogenous FSH or
administering FSH early in a wave induces several follicles to become dominant. In polytocous
species such as dogs, cats and pigs, a cohort of follicles becomes dominant (Evans et al., 2003;
Hunter et al., 2004; Senger et al., 2005). However, in monotocous species such as cattle, horses
and humans, a single follicle develops into a dominant follicle while the remaining follicle
regresses (Ginther, 2000; Senger et al., 2005). With decreasing serum concentrations of FSH,
subordinate follicles begin to undergo changes such as reduced production of estradiol, inhibin
and increased production of insulin like growth factor (IGF-1) binding proteins (IGFBPs)
(Sunderland et al., 1996; Mihm et al., 1997) resulting in granulosa cell apoptosis. The estradiol
that is secreted by the future dominant follicle also increases the expression of genes for
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aromatase, 3 beta-hydroxysteriod dehydrogenase and receptors for FSH and LH in granuolsa
cells (Bao et al., 1998).
FSH stimulates the proliferation and aromatase activity in granulosa cells of large antral
follicles. This initiates the conversion of androstenedione (from theca cells) to estradiol
(Baerwald et al., 2012). Both luteinizing hormone (LH) stimulation in the theca cells and FSH
stimulation in the GCs are required for estradiol production, stimulating the mitotic activity of
GCs and enhancing the proliferation effect of FSH in the follicle. The relationship between the
growing follicles and FSH is described as a two-way functional coupling mechanism, where the
growing follicles inhibit FSH secretion through production of estradiol and inhibin. However,
follicles are still dependent on FSH to grow (Gougeon, 1996; Ginther et al., 2000; 2001).
Following the decline in FSH the dominant follicle changes to a single follicle FSH coupling,
which provides restricted levels of FSH that enable only the future dominant follicle to survive
(McNatty et al., 1983; Fauser et al., 1997; Ginther et al., 2000; 2001). However even during the
dominance phase, basal FSH levels remain important, and suppression of basal concentrations
will arrest the growth of the dominant follicle in cattle (Truzillo et al., 1993).
The dominant follicle is able to continue to grow in the existing endocrine environment
by efficiently using FSH and FSH dependent growth factors. FSH can also enhance availability
of growth factors. For example FSH induces pregnancy associated plasma protein – A (PAPPA), a protease that degrades IGFBP-4 and IGFBP-5 resulting in increased free IGF
concentrations. Increased IGF-1 acts in synergy with FSH to increase estradiol (Fortune et al.,
2004).
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In cattle, LH receptors form on the granulosa cells of the dominant follicle following the
secretion of estradiol (Bodensteiner et al., 1996; Ginther et al., 2001). The dominant follicle
becomes less dependent on FSH and more dependent (a transition in gonadotropin dependency)
on LH (Sullivan et al., 1999; Filicori et al., 2002; Mihm et al., 2006). To support this, Crowe et
al. (2001) evaluated the roles of FSH and LH in follicular growth in GnRH immunized anestrous
heifers randomly assigned to three groups, group 1 received 1.5 mg porcine FSH (pFSH) four
times a day for two days, group 2 received 150 ug porcine LH (pLH) 6 times a day for six days
and group 3 received both as described for groups 1 and 2. The authors reported that heifers
treated with pLH only failed to stimulate follicle growth greater that 5mm and heifers treated
with pFSH stimulated growth of medium follicles that were estradiol inactive and failed to
increase serum estradiol levels. Heifers treated with both pFSH and pLH stimulated growth of
estradiol active large follicles which resulted in a 10 to 14-fold increase in concentration of
serum estradiol.
Pre-ovulatory LH pulses are also important in follicle maturation and ovulation. Filion et
al. (2001) reported that in response to the LH surge in humans, the E series prostaglandins
(mainly PGE2) are produced by the follicle which is essential for the successful rupture of the
follicle and release of the oocyte into the periovarian space. In addition, LH stimulates and
prepares the granulosa cells for luteinization (Smith et al., 2014; Stouffer et al., 2007). Hydration
of these cumulus cells which produce hyaluronic acid, enables cumulus expansion through the
enlargement of the space between granulosa cells (Eppig, 2001). Episodic LH pulses are
necessary for the formation of CL (corpus luteum) in cattle but not required for the maintenance
of luteal function (Aerts et al., 2010). In addition, using a GnRH antagonist on days 2-7 and 1217 of the cycle to block LH pulses resulted in diminished luteal function (Peters et al., 1994).
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Treatment with GnRH on days 12-17 did not influence CL function. Progesterone produced by
the CL resulted in a lower pulse frequency in the mid-luteal phase and atresia in the LH
dependent dominant follicle (DF). Luteolysis during the dominant phase will result in ovulation
of the growing DF. If the CL remains active the second DF will regress due to progesterone
secretion and LH suppression. The DF would only fully mature and ovulate if during the
follicular phase.

AMH and Folliculogenesis

AMH has an important role in the regulation of mammalian follicular development
(Durlinger et al., 1999; Knight et al., 2003; Seifer et al., 2007). This idea was based on the work
of Baarends et al. (1995) who reported that there are specific patterns of expression of AMH and
AMHR11 in the postnatal ovary and the changes of expression during the estrous cycle in rats.
Durlinger et al. (1999) studied the follicle population in AMH deficient female mice and
reported that in the absence of AMH, primordial follicles became depleted. Durlinger et al.
(2002b) examined neonatal mouse ovaries cultured in vitro for 2 or 4 days in the absence and
presence of AMH and reported that 2 day old ovaries contained primarily primordial follicles.
AMH caused a 40 to 50 % reduction in the number of growing follicles after 2 and 4 days of
culture. Expression of AMHR11 and oocyte markers GDF9 (Growth Differentiation Factor 9)
and ZP3 (Zona Pellucida glycoprotein 3) were not influenced by AMH. The same authors
suggested that the absence of AMH results in increased recruitment of primordial follicles. At 13
months old, the primordial follicles in AMH deficient mice were completely depleted and only a
small number of growing follicles existed. In addition, 56% of the AMH deficient mice at 16 to
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17 months had stopped ovulating. AMH prevented the activation of primordial follicles (Fortune
et al., 2010). These studies provide evidence that AMH prevents initial recruitment and
activation of primordial follicles into the growing pool. In addition, AMH also prevents the
premature depletion of the follicular population in the ovary.

AMH and FSH action

AMH may inhibit FSH induced follicular growth (Durlinger et al., 1999). In mice
Durlinger et al. (2001) evaluated the effect of AMH on FSH stimulated follicle growth on small
(diameter 135-165 µm) and large (diameter 165-210 µm) preantral follicles. The authors reported
that addition of exogenous AMH caused inhibition of FSH stimulated preantral follicle growth.
FSH stimulation of follicles was more pronounced in the AMH deficient mice than in their wild
type counter parts (Durlinger et al., 2001). These two pieces of evidence provides support that in
the absence of AMH, females are more responsive to FSH. In contrast, AMH had a synergistic
effect on FSH-stimulated growth of follicles (McGee et al., 2001).
In an in vitro primary cell culture study, Grossman et al. (2008) investigated the effects of
AMH on cytochrome P450 aromatase (CYP19) gene expression in cultured human granulosa
lutein cells (GLC) and reported that AMH inhibits FSH induced increases in CYP19 enzyme
activity and gene expression in GLC. Chang et al. (2013) extended Grossman’s work and
reported that AMH significantly reduced FSH stimulated aromatase expression, estradiol
accumulation and inhibited FSH induced adenylyl cyclase activation through AMHR2. However,
FSH receptor messenger RNA and protein levels were not altered by AMH (Chang et al., 2013).
AMH decreased gonadotropin stimulated aromatase expression through the repression of the

21

CYP19 gene in rat luteinized GCs (Pellatt et al., 2011). AMH does not affect the basal
expression of aromatase but specifically reduces the FSH stimulating effect (Prapa et al., 2015).
The inhibitory effects of AMH on FSH sensitivity of follicles may play an important role
in the selection process. A group of follicles is selected from the group of AMH producing
growing follicles to continue growth to the pre-ovulatory phase. McGee et al. (2000) suggested
that in rodents, selection takes place at estrous because of the secondary FSH peak (van
Cappellen et al., 1993). However, it was thought that depending on the developmental stage each
follicle would require a certain concentration of FSH to continue growth. That is, each follicle
displays its own FSH threshold concentration and this threshold had to be exceeded to ensure
growth to the preovulatory stage (Brown, 1978; Schipper et al., 1998). Since AMH affects FSH
sensitivity of the follicles, it may play a role in the determining which follicles undergo selection
and which are removed through atresia. In the rat ovary, such a role is supported by the
differential expression of AMH in non-atretic large preantral and small antral follicles (Baarends
et al., 1995). Visser et al. (2005) suggested that some follicles showed lower AMH expression
than others and these follicles may be more sensitive to FSH and more prone to be selected by
the secondary estrous FSH peak.

AMH and antral follicular population (AFP)

In humans, AFP is positively correlated with concentration of AMH. De Vet et al. (2002)
reported that concentration of AMH and AFC were highly correlated (r = 0.66/0.71). In addition,
a strong correlation (r = 0.74) exists between the concentration of AMH and AFP (Fanchin et al.,
2003). Further, circulating AMH concentrations are positively associated with the total number

22

of healthy follicles in the ovaries of mice (r = 0.83; Kevenaar et al., 2006). This relationship is
also evident in livestock species. In cattle, the number of ovarian follicles is variable across
females and highly repeatable within individuals (Ireland et al. 2007; 2008). In addition, a
positive relationship exists between AFC and concentration of AMH in Murrah water buffalo (r
= 0.62), Holstein (r = 0.66) and Gyr (r = 0.88) heifers (Baldrighi et al., 2013). The number of
follicles greater than 2 mm was positively correlated with AMH in Holstein and Nelore heifers
(Batista et al., 2014; 2016). Rico et al. (2009) found that AMH concentration was highly
correlated with the number of 3 to 7 mm antral follicles (r = 0.79) in Holstein cows. Using AMH
as a predictor of AFC might be a choice in contrast to the use of ultrasonography as AMH levels
vary minimally during the estrous cycle.
Both the AFP and concentration of AMH vary across genetic groups. Bos indicus heifers
showed greater AFP than their Bos taurus counterparts (28.4 vs. 13.4; Batista et al., 2014). AMH
concentrations were also higher in Bos indicus than Bos taurus counterparts (780 vs. 60 pg/ml)
(Batista et al., 2014).
Different threshold values have been used to classify animals as having high or low
concentrations of AMH. AMH concentrations that were considered low and high respectively
were 60 and 570 pg/ml (Batista et al., 2014) and 200 and 400 pg/ml (Guerreiro et al., 2014) in
Bos taurus; 780 and 1200 pg/ml (Batista et al., 2014) and 200 and 500 pg/ml (Guerreiro et al.,
2014) in Bos indicus; and 110 and 320 pg/ml in Bubalis bubalus (Baldrighi et al., 2014). AFP
that were considered low and high were 13 and 34 (Batista et al., 2014) and 24 and 69 (Baldrighi
et al., 2014) in Bos taurus; 28 and 48 (Batista et al., 2014) and 44 and 98 (Baldrighi et al., 2014)
in Bos indicus; and 22 and 34 in Bubalus bubalis (Baldrighi et al., 2014). These observations
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reinforce the importance of separately considering the genetic backgrounds of animals when
using the concentration of AMH as a predictor of AFC or other reproductive outcomes.

AMH and superovulation

AMH is classified as a good predictor of ovarian response to gonadotropin stimulation
treatments in both humans and in livestock species. In humans, concentrations of AMH is
associated with ovarian response in IVF patients (number of oocytes retrieved: r = 0.52 and 0.57;
Seifer et al., 2002; Van Rooij et al., 2002, respectively). Poor ovarian response, which was
assessed as having fewer than 4 oocytes or cycle cancellation, was associated with low AMH in
humans (Van Rooij et al., 2002). Circulating concentration of AMH has the ability to predict
poor (910 pg/ml), normal (3040 pg/ml) and high (5560 pg/ml) responders to stimulation with
exogenous gonadotropins (Nardo et al., 2009). Concentration of AMH was positively correlated
with the number of oocytes (r = 0.259) and the number of embryos (r = 0.206; Tsakos et al.,
2014) and was significantly different between poor (2070 pg/ml), normal (2530 pg/ml) and high
(3450 pg/ml) responders to ovarian stimulation (Tsakos et al., 2014). There is a strong
association between day 3 serum concentration of AMH and number of metaphase II oocytes (r=
0.38) and total number of embryos (r = 0.34) following IVF in women younger than 42 years
(Hazout et al., 2004) and higher concentrations of AMH were associated with greater number of
mature oocytes, a greater number of embryos and a higher clinical pregnancy rate (Hazout et al.,
2004). Both AFC and concentration of AMH had significant correlations with number of oocytes
retrieved and the number of oocytes fertilized (Majumder et al., 2010). Kotanidis et al. (2013)
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reported that a strong correlation exists between the concentration of AMH and the number of
oocytes retrieved (r = 0.86).
Superovulation is an important reproductive strategy for the increase, preservation and
utilization of animal genetics. In cattle, the number of transferable ova/embryos produced
following superovulation varies between 4 to 12 (Bo et al., 2014; Gabriel et al., 2014; SilvaSantos et al., 2014; Hasler et al., 2014; Souza et al., 2014). In comparison to cattle, the average
number of recoverable embryos derived from water buffaloes using similar superovulatory
protocols is less than 2 (Madan et al., 1996; Carvalho et al., 2002; Neglia et al., 2003; Drost et
al., 2007; Li et al., 2011). In addition, the mean embryo recovery rate of 1-2 has been reported in
superovlated Mediterranean (Neglia et al., 2010) and Swamp (Songasen et al., 1999;
Techakumpu et al., 2001) buffaloes.
The yield of transferable embryos is influenced by several factors such as age, parity and
nutrition (Hasler, 2014). In addition, the superovulation protocol and the follicle stimulating
hormone (FSH) preparations used in these protocols affect the superovulatory response (Lerner
et al., 1986; Madan et al., 1996; Kafi et al., 1997; Hasler, 2014). High luteinizing hormone (LH)
content (low FSH/LH ratio) negatively affects the superovulatory response, fertilization rate and
embryo recovery (Murphy et al., 1984; Kelly et al., 1995). In cattle, donors treated with FSH
preparations with a low LH content produced more viable embryos, total number of ova
recovered and a higher fertilization rate (Chupin et al., 1984; Mapletoft et al., 1988; Lopes de
Costa et al., 2001; Quaresma et al., 2003).
Excess LH can cause premature luteinization or ovulation of the FSH-stimulated follicles
by altering their endocrine milieu in cows (Callesen et al., 1986; 1987) and sheep (D’ Aessandro
et al., 2016). In contrast to the negative effects of excess LH, Garza et al. (1984) suggested that
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in the guinea pig exogenous LH might induce the recruitment of small follicles by prevention of
atresia. Breen et al. (2012) suggested in prepubertal gilts, that a greater amount of LH is needed
to sustain small follicles and to stimulate their development.
In different livestock species, a strong positive relationship between circulating
concentration of AMH and response to superovulation exist. A positive correlation was observed
between plasma AMH of donor cows and the average (r = 0.49) and maximal number of
embryos (r = 0.58) collected per cow (Monniaux et al., 2010). The average concentration of
AMH was also positively correlated with the average (r = 0.32) and maximal (r = 0.38) numbers
of transferable embryos per donor cow (Monniaux et al., 2010).
In dairy cows positive correlations have been reported between AMH and the number of
large follicles at OPU (r = 0.65; Rico et al., 2012); the number of large follicles and oocytes at
OPU (r = 0.75 and r = 0.70, respectively; Rico et al., 2012); the number of embryos (r = 0.46,
Rico et al., 2012); the number of transferable embryos (r = 0.28; Souza et al., 2014) and the
number of CL ( r = 0.65; Souza et al., 2014) were all positively correlated with AMH. In goats
the concentration of AMH measured before the superovulatory treatment were highly correlated
with the total number of corpora lutea (r = 0.71), total number of collected (r = 0.87),
transferable (r = 0.83) and freezable (r = 0.78) embryos (Monniaux et al., 2011).
Over the last four decades, in vitro embryo production (IVEP) has increased. Rrecent
studies have identified AMH as an endocrine marker to select donors with the greatest potential
to serve as donors for in vitro embryo production. In Bos taurus (Holstein) and Bos indicus
(Nelore) donors, the concentration of AMH is positively correlated with the number of in vitro
embryos produced from Holstein (r= 0.36) and Nelore (r= 0.50) cattle (Guerreiro et al., 2014).
Donors classified as having high concentration of AMH yielded a greater number of embryos
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produced per OPU after superovulation as compared with those classified as having a low
concentration of AMH (Holstein: 3 vs. 1.2; Nelore: 7. vs. 2.2; Guerreiro et al., 2014). In
Holstein-Friesian heifers the concentration of AMH was positively correlated with the number of
follicles aspirated per OPU session (r = 0.45), recovered oocytes per OPU (r= 0.43) and in vitro
produced embryos per OPU (r = 0.28; Vernunft et al., 2015). Batista et al. (2016) evaluated the
association between plasma concentrations of AMH and in vitro embryo production in Bos
indicus (Nelore) and Bos Taurus (Holstein) calves and reported a positive correlation between
concentration of AMH and the cumulus-oocyte complexes (COCs) retrieved (Nelore: r =0.91;
Holstein: r = 0.82), COCs cultured (Nelore: r =0.71; Holstein: r = 0.79) and blastocysts produced
(Nelore: r = 0.62; Holstein: r = 0.58).

AMH and Reproductive Performance

Recent studies observed a positive association between the concentration of AMH and
fertility in dairy cows and sheep. In cattle, cows that became pregnant from re-insemination
using AI tended to have greater concentrations of AMH than those that did not become pregnant
(Ribeiro et al., 2014). Also cows that became pregnant during the natural service period and
those that retained their pregnancy had greater concentrations of AMH than those that did not
become pregnant (Ribeiro et al., 2014). In 11 to 15 month old Holstein heifers, the quartile of
heifers with the lowest concentration of AMH (mean: 19 pg/ml) had a shorter productive herd
life, a reduced survival rate after birth of first calf, the lowest level of milk production at first
lactation and the lowest total percentage of cows pregnant across all lactations (71 vs. 85 vs. 89
vs. 79 %) compared to their herd counterparts in quartiles 2 (41.8 pg/ml), 3 (68.9 pg/ml) and 4
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(153.2 pg/ml; Jimenez-Krassel et al., 2014). A positive correlation exists between the
concentration of AMH at 3.6 months of age and pregnancy rate of ewes at first (r = 0.34), at
second (r = 0.33) and both service periods (r = 0.36; Lahoz et al., 2012). Plasma concentration
of AMH in prepubertal females was higher in ewes that became pregnant at the first mating than
those which failed to conceive at first but became pregnant at the second mating or in nonpregnant ewes after two service periods (Lahoz et al., 2012). Fertility at second mating or after
both consecutive service periods was also higher in ewes with the concentration of AMH equal
or higher than 97 pg/ml before puberty (93 vs. 72 % and 97 vs. 76 %, respectively). The authors
noted that the fertility at first mating of ewes with the concentration of AMH being equal to or
greater than 97 pg/ml before puberty was 34.8% higher than that of their counterparts with low
concentration of AMH.

AMH, Ovarian Reserve and Aging

AMH in females is primarily produced by the granulosal cells of the ovarian follicle and
concentration of AMH is positively correlated to AFC in mice (Durlinger et al., 2002b), women
(Fanchin et al., 2003), cattle (Ireland et al., 2008; Rico et al., 2009; Souza et al., 2014; Batista et
al., 2014; Batista et al., 2016) and water buffaloes (Baldrighi et al., 2014). Both AMH and AFC
decreases with age in humans (Fanchin et al., 2003; Piltonen et al., 2005; Visser et al., 2013) and
cattle (Cushman et al., 2009; 2010; Monnaiux et al., 2013). In anovulatory women, particularly
those exhibiting polycystic ovaries (PCO), a negative correlation between age and concentration
of AMH exist (Mulders et al., 2004). In aging mice concentration of AMH decreases and the
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number of ovarian follicles directly correlates with this decline (Kevenaar et al., 2006). These
studies provide evidence that the concentration of AMH decreases over time in females.
Many studies in the literature reported that there is a strong positive correlation between
the concentration of AMH and AFC which aids in predicting the status of the ovarian reserve. In
cattle, reproductive longevity is an important factor affecting profitability (Renquist et al., 2006).
Decreased pregnancy rates with increasing parity have been reported in dairy cows (Martinez et
al., 2004). In beef cows when AFC was regressed on age, there was a quadratic effect of age
such that AFC increased until 5 years of age and then decreased thereafter (r2 = 0.22; Cushman et
al., 2009). However, AMH was not determined in this study. In a second study, Cushman et al.
(2010) suggested that the concentration of AMH could be used to identify heifers of high
potential at a very young age. The author reported that in 2-year-old beef heifers, AMH gene
expression within the ovarian cortex increased as AFC increased. In addition, the number of
follicles increased as cows aged from 1.5 to 6 years and began to decrease thereafter (Cushman
et al., 2010).
Some effects of age on AFC and fertility have also been reported. Lerner et al. (1986)
reported the number of embryos, rates of fertilization, quality of embryos and numbers of
transferable embryos decreased with increasing age of the donor. Requist et al. (2006) reported
that pregnancy rate changes quadratically with age. The number of 4 to 5 mm follicles recruited
into a follicular wave was lower in older cows (Malhi et al., 2005). In a second study Malhi et al.
(2007) compared old (13-16 years of age) and young cows (3 to 6 years of age) and reported
fewer embryos and a higher proportion of unfertilized oocytes/uncleaved zygotes were recovered
from old cows. In addition, after superstimulation older cows had fewer follicles greater than 6
mm than their daughters (3-6 years of age; Malhi et al., 2008).
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Conclusion

Several studies on the function of AMH in the postnatal ovary in humans and different
livestock species indicates that AMH has two main functions during follicular development: (1)
AMH plays an inhibiting role during the initial recruitment when primordial follicles are initiated
to grow and (2) AMH can influence the growth of preantral and small antral follicles by
decreasing the FSH responsiveness. This effect may be important during cyclic recruitment when
individual large preantral and small antral follicles are recruited to grow on to the preovulatory
stage.
The measurement of circulating concentrations of AMH in livestock may be a useful tool
to identify animals most likely to have the maximum response to superovulatory treatments. In
addition, the concentration of AMH may be used to select animals with improved fertility.
However, research on these potential effects of AMH in species other than humans and cattle is
limited but will be useful in identifying animals with greater fertility and productive life.
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CHAPTER 3
THE RELATIONSHIP BETWEEN THE CONCENTRATION OF AMH AND
FERTILITY IN REPLACEMENT FEMALES

Abstract
The effect of breed and age on the concentration of anti-mullerian hormone (AMH) and the
relationship between AMH and fertility in replacement ewes were evaluated. In Experiment 1, a
single blood sample was used to compare concentration of AMH in Dorset/Texel (DT; n= 238;
age 8.7 ± 0.1 months), Suffolk (n= 44) and Katahdin (n= 77; age 6.9 ± 0.04 months) replacement
females and to determine changes in systemic AMH with age in DT and Katahdin females. In
Experiment 2, Katahdin and DT females were placed into LOW, MEDIUM and HIGH groups
based on their systemic AMH determined from a blood sample collected 2 months prior to
breeding. Females were treated with CIDR inserts (0.3g progesterone) for 5 days and were
exposed to rams at insert removal for 30–35 days. Ewes were observed for estrus after 4 days of
ram exposure, and pregnancy diagnosis was conducted via transrectal ultrasonography at the
time of ram removal and again 20–25 days. In Experiment 1, Katahdin females had a higher
AMH than DT and Suffolk females (P < 0.001: 566 ± 37 vs. 337 ± 14 vs. 237 ± 22 pg/ml,
respectively). AMH decreased linearly with age in DT females (P = 0.03). In Experiment 2,
Females with high AMH conceived and lambed to the first service in Katahdin but not the DT
breed (Breed x AMH; P < 0. 05). Replacement females that conceived (Breed X Conception; P <
0.001) and lambed to the first service (Breed X lambing to 1st service; P < 0.001) had a higher
AMH in Katahdin but not DT breed. In conclusion, AMH varies among different breeds of sheep
and a single measure may be useful to select females with high reproductive performance in
some breeds.
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Introduction

The profitability of sheep operations is highly correlated with reproductive performance of
the flock. Replacement females can make up 25% of the breeding flock and their reproductive
performance is generally lower than that of their flock mates (Quirke et al., 1977; Edwards et al.,
2016). Additionally, replacement ewes that are successfully bred within their first year of age are
more profitable and show greater lifetime reproductive performance than females bred to lamb at
two years for the first time (Young et al., 2011; Kenyon et al., 2011; Kenyon et al., 2014).
Approaches to increase fertility in replacement females have been the subject of significant
research efforts over the last five decades (Nieto et al., 2013; Kenyon et al., 2014; Knights et al.,
2015). Recently, it was reported that the number of growing antral follicles in young adult cattle
may be related to their fertility (Ireland et al., 2008; 2011) and low numbers of antral growing
follicles have been related to suboptimal fertility in beef cattle (Cushman et al., 2009; 2010).
Anti-Müllerian hormone (AMH) is a member of the transforming growth factor-β (TGF-β)
family (Cate et al., 1986; Knight et al., 2006) and can be used as a marker of the ovarian
follicular reserve in humans (Visser et al., 2005), mice (Kevenaar et al., 2006), cattle (Ireland et
al., 2008; Monniaux et al., 2010; Rico et al., 2009; Batista et al., 2014) and bitches (Hollinshead
et al., 2016). In cattle, the concentration of AMH is positively and highly correlated with AFC
(Ireland et al., 2008; 2011).
In dairy cattle, concentration of AMH showed a quadratic relationship with lactation number
and females with low concentration of AMH had a lower pregnancy rate following first service,
and a greater incidence of pregnancy loss between day 30 and 65 of gestation (Ribeiro et al.,
2014). In addition, it was suggested that the concentration of AMH may be used as a diagnostic
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tool in young heifers to predict herd longevity (Jimenez-Krassel et al., 2015). Lahoz et al. (2012)
reported that concentration of AMH determined at an early age in Rasa Aragonesa sheep, can be
used to reliably predict fertility at first mating and suggested the cut off value of 97 pg/ml to
distinguish between females with low and high fertility.
Concentrations of AMH vary among breeds of cattle (Baldrighi et al., 2014; Batista et al.,
2014; Guerreiro et al., 2014; Stojsin – Carter et al., 2016) and with age (Cushman et al., 2010;
Lahoz et al., 2014). Therefore, the concentration of AMH and the relationship between
concentration of AMH and fertility in replacement females might not be consistent across
breeds.
Therefore, the objectives of this study were to evaluate the concentration of AMH in
replacement females of different breeds and ages and to determine if the relationship between the
concentration of AMH and fertility in replacement females varies with breed.

Materials and Method

Farm and Animals

This study was conducted during the fall of 2013, 2014 and 2015 on three farms located in
West Virginia and southwestern Pennsylvania. The animals used in this study consisted of
Dorset x Texel (8.7 ± 0.1 months [range 4 – 10.4 months]; 38.9 ± 0.58 kg [range 23.1- 70.3 kg]),
Katahdin (6.9 ± 0.04 months [range 3.6 – 5.6 months]; 23.6 ± 0.57 kg [range 13.1 – 35.8 kg]),
and Suffolk (40.5 ± 0.75 kg [range 28.2 – 53.1 kg]) replacement females. Two months prior to
beginning of the breeding season, replacement females were provided with a grain supplement
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(15% crude protein, 65% total digestible nutrients concentrate) ranging in amounts of 0.23 to
0.68 kg per head per day. All animals were managed on mixed grass legume pastures and were
allowed ad libitum access to water and shade.

Treatments

The procedures used in these studies were approved by the West Virginia University
Animal Care and Use Committee (IACUC # 13-1201).

Experiment 1

To determine the effect of breed of sheep on the concentration of AMH, a single blood
sample was collected from Dorset/Texel (n = 238), Suffolk (n = 44) and Katahdin (n = 77)
replacement females (Table 3.1) and assayed for AMH. To determine the relationship between
age and concentration of AMH, blood samples were collected from Dorset/Texel and Katahdin
replacement females ranging in age from 6 to 12 and 6 to 8 months, respectively.

Experiment 2

To determine the relationship between the concentration of AMH and fertility, the
concentration of AMH was determined from a single blood sample collected 2 months prior to
breeding. Females within the Katahdin breed and Dorset/Texel crosses, were placed into LOW,
MEDIUM and HIGH groups respectively, equivalent to < mean - ½ standard deviation, ≥ mean -
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½ standard deviation < mean + ½ standard deviation and ≥ mean + ½ standard deviation,
respectively. Females within the Suffolk breed was not used as the producer experienced
significant loss of animals due to sickness. All females were separated from rams prior to the
beginning of the experiment and received progesterone via a CIDR device (containing 0.3g of
progesterone; InterAg; Hamilton, New Zealand) for 5 days prior to ram introduction. At CIDR
removal, replacement females were exposed to a group of sexually mature rams at a ratio not less
than one ram per 15 replacement females.

Estrous detection

Rams fitted with marking harnesses were exposed to replacement females and managed
as a single breeding group for approximately 60 days beginning at CIDR removal. To detect
estrus at first service period, ewes were observed for the presence of raddle marks between 24
and 96 hours after ram introduction.

Pregnancy diagnosis and lambing data

Pregnancy diagnosis was conducted using transrectal ultrasonography (Aloka 500
Corometrics Medical Systems Wallingford, CT, USA) with a 7.5-mHZ linear trans-rectal probe
between 30-35 and 50-55 days after ram introduction to detect pregnancy conceived at first and
second service periods, respectively. Lambing records were collected and analyzed.

35

Blood Collection and AMH assay

Blood samples were collected into 10 ml tubes containing EDTA by jugular
venipuncture. The samples were immediately placed on ice and later centrifuged at 3000 x g for
15 minutes for separation of plasma. The plasma samples were frozen at – 20 oC for later
analysis. Plasma AMH was determined using an enzyme-linked immunosorbent assay ELISA kit
(ANSH labs, Webster, Texas, USA). The sensitivity of the AMH assay was 0.009ng/ml and
intra-assay CV was < 5 %.

Statistical analysis

To assess the effect of breed on the concentration of AMH, a one way analysis of
variance (ANOVA) was conducted using the PROC MIX procedure of SAS (Statistical Analysis
System version 9.4 for Windows; SAS Institute, Cary, NC, USA) and means were separated
using Tukey’s HSD.
A polynomial regression was used to assess the relationship between concentration of
AMH and age in replacement females, the regression between the concentration of AMH and
age was determined using the PROC REG procedures of SAS.
A two-way Analysis of Covariance (ANCOVA) was conducted using the PROC MIX
procedure of SAS to determine the effect of concentration of AMH (LOW, MEDIUM and HIGH
groups), breed and breed x AMH interaction on reproductive responses controlling for age.
Means were separated using Tukey’s HSD.

Response variables included estrous response,

conception rate, pregnancy to first and second services (ewe that lambed that were pregnant to
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first and second services, respectively), prolificacy (number of lambs born per ewe lambing),
prolificacy to first service (number of lambs born per ewe lambing to first service only),
proportion of ewes (ewes lambing by day 13 of the lambing period) lambing to first service,
percentage lambed, lambing rate (lambs born per ewe exposed), ram introduction to lambing,
lambing day (day that ewe lambed during the lambing period) and age to first lambing and the
effect of conception, pregnancy to first service, percentage lambed and lambing to first service.
ANCOVA was used to investigate whether the concentration of AMH differed from
replacement females experiencing a binary reproductive response or not controlling for age.
These variables were used in a multivariable model that included the binary reproductive
response as an independent variable to explain the variability of concentration of AMH (Ribiero
et al., 2014). Reproductive responses investigated were estrous response, conception, pregnancy
to first service, lambed and lambing to first service. Results were considered significant at a
confidence interval of P ≤ 0.05 and a tendency when 0.05 < P ≤ 0.1.

Results

Relationship between concentration of AMH, breed and age

The mean breeding age of the replacement females were 8.3 ± 0.01 months. The mean
systemic concentration of AMH for Dorset, Katahdin and Suffolk replacement females were 337
± 14, 566 ± 37 and 237 ± 22 pg/ml, respectively. AMH was higher in Katahdin replacement
females than Dorset and Suffolk replacement females (P < 0.001). AMH decreased linearly with
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age (Figure 3.1a; P = 0.03) in Dorset/Texel replacements with age but there was no relationship
between age and AMH in Katahdin replacement females (Figure 3.1b).

Relationship between concentration of AMH and reproductive outcomes in Dorset and Katahdin
replacement females

There was a significant interaction of breed x AMH on conception rate (Table 3.2: P =
0.02) and lambing to the first service (Table 3.2; P = 0.01). More Katahdin replacement females
with HIGH AMH conceived (P = 0.005; 90.0 ± 13.0 vs. 41.6 ± 11.9 %) and lambed to the first
service period (P = 0.004; 90.6 ± 15.4 vs. 31.5 ± 13.6 %) compared to Katahdin females with
LOW AMH. However, conception rate and proportion of females lambing to the first service did
not differ among Dorset replacement females with LOW, MEDIUM and HIGH AMH.
Dorset replacement females (Table 3.3) had a higher estrous response (P = 0.01),
pregnancy rate to first service (P = 0.002), pregnancy rate to second service (P = 0.002),
prolificacy to first service (P = 0.03), percentage lambed (P < 0.001) and lambing rate (P <
0.001) than Katahdin replacement females. In addition, Dorset females tended to have a higher
conception rate (P = 0.08) and overall prolificacy (P = 0.09) than Katahdin females.
More replacement females with HIGH AMH lambed to the first service period compared
to females with LOW and MEDIUM AMH (Table 3.3; P = 0.04). Replacement females with
HIGH AMH tended to have a higher conception rate (P = 0.07) lower number of days from ram
introduction to lambing (P = 0.07), lambed earlier within the lambing period (P = 0.08) and
lower age to first lambing (P = 0.08).

38

AMH Concentrations in plasma according to binary reproductive responses

AMH was higher in replacement females that conceived (P = 0.01; 471 ± 25 vs. 360 ± 37
pg/ml) compared to females that did not conceive. There was a significant interaction (Table 3.4;
P = 0.0007) of breed x conception. Katahdin replacement females that conceived had a higher (P
= 0.0008) concentration of AMH compared to Katahdin females that did not conceive. However,
AMH did not differ between Dorset replacement females that conceived and Dorset females that
did not conceive.
There was a significant interaction (Table 3.4; P = 0.009) of breed x pregnancy to the first
service on AMH. Dorset replacement females that were pregnant to the first service had a lower
(P = 0.03) AMH compared to Dorset females with HIGH that did not become pregnant to the
first service.
AMH was higher in replacement females that lambed to the first service (P = 0.005; 507
± 29 vs. 382 ± 34 pg/ml) compared to replacement females that did not lamb to the first service.
There was a significant interaction (Table 3.4; P = 0.0009) of breed x lambing to first service.
Katahdin replacement females that lambed to the first service had a higher (P = 0.0007)
concentration of AMH compared to Katahdin females that did not lamb to the first service.
However, AMH did not differ between Dorset replacement females that lambed to the first
service and Dorset females that did not lamb to the first service.
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Discussion

There are limited reports on the relationship between circulating concentration of AMH
and reproductive variables in replacement females. The present study demonstrated that in
replacement females (1) the concentration of AMH differs among breeds of sheep (2) a linear
relationship exist between the concentration of AMH and age in Dorset replacement females (3)
in some breeds the concentration of AMH may be a predictor of some reproductive performance
variables.
In the present study, concentration of AMH varied among Suffolk, Dorset and Katahdin
breeds of sheep. AMH also has been shown to vary with breeds of cattle (Baldrighi et al., 2014;
Stojsin-Carter et al., 2016). AMH is produced by pre-antral and early antral follicles and there is
a strong correlation between AFP and AMH (Batista el al., 2014; Ribeiro et al., 2014; StojsinCarter et al., 2016). AFP also varies across different breeds in cattle (Gimenes et al., 2009;
Sartori et al., 2010) and sheep (Draincourt et al., 1986; Avdi et al., 1997; Webb et al. 1989).
Therefore, intra and inter breed variations in concentration of AMH observed in sheep in this
study, might be reflective of variations in the AFP. Different threshold values are used for
different breeds of cattle to classify animals with low and high AFP populations (Batista et al.,
2014; Guerreiro et al., 2014). Therefore it is suggested that because of the wide inter-breed
variation observed in this study, a single value to predict reproductive outcome across breeds
would not be sufficient.
The concentration of AMH decreased linearly with increasing age in Dorset/Texel
replacement females. However the R2 value was 0.0178. A decline in AMH has been reported in
the peripubertal period in other species. Monnaiux et al. (2013) reported that the concentration of
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AMH decreased between 6 months and 12 months of age in beef heifers. Lahoz et al. (2014)
reported that the concentration of AMH declined between 6 and 19 months of age in Ras
Aragonesa ewes, and Fanchin et al. (2003) reported a negative linear relationship between the
concentration of AMH and age. In contrast, Hudson et al. (1990) reported that in humans, AMH
changed quadratically with age from barely detectable at birth, increases at 11 to 19 years and
decreased after 20 years of age. Visser et al. (2013) reported that AMH increased during the
postnatal period up to 12 years and decreased at an older age. AMH is correlated with AFC
(Ireland et al., 2009; Rico et al., 2009), the decrease in AMH observed in Dorset/Texel females
may be due to the decline in AFC with increasing age. However, no relationship between age
and AMH was observed in Katahdin females. Age range of the Katahdin females was small
which might have precluded the determination of any relationship between age and concentration
of AMH in this study.
More females with a high concentration of AMH tended to conceive and lamb to the first
service. Previous reports observed a positive association between concentration of AMH and
fertility. In sheep, Lahoz et al. (2012) reported that ewes with higher prepubertal concentrations
of AMH showed a higher probability of becoming pregnant at first mating than those with a
lower concentration of AMH.

In addition, ewes which failed to conceive had a lower

concentration of AMH (Lahoz et al., 2012). Dairy cows with low AMH concentrations had lower
pregnancy following first service and greater incidence of pregnancy loss between day 30 and 65
of gestation (Ribeiro et al., 2014) and a reduced survival rate after birth of first calf (JimenezKrassel et al., 2015).
AMH is positively correlated with AFP (Ireland et al., 2009; Rico et al., 2009; Batista el
al., 2014; Ribeiro et al., 2014) and oocyte yield (Majumder et al., 2010). Wiweko et al. (2016)
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reported that serum and follicular fluid AMH concentrations were also positively correlated with
the total number of oocytes and number of mature oocytes. Takahashi et al. (2008) reported the
concentration of AMH was higher in oocytes that were successfully fertilized compared to those
that were not successfully fertilized. Therefore, AMH could be a reliable endocrine marker of
both oocyte yield and quality (Takahashi et al. 2008; Lehman et al., 2014; Zhu et al., 2016).
Further, it is tempting to suggest that replacement ewe lambs with a high concentration of AMH
and a higher number of follicles (Ireland et al. 2009; Rico et al. 2009) will ovulate oocytes of
better quality resulting in improved reproductive outcome.
In contrast, low concentration of AMH was not correlated with negative reproductive
outcomes in humans aged 23 to 41 years (Streuli et al., 2014; Fraisse et al., 2008) and hamsters
aged 9 months (Roosa et al., 2016). Smeenk et al. (2007) reported that basal AMH is not related
to embryo quality or to the probability of achieving pregnancy in humans. This indicates that a
single factor is not sufficient to predict pregnancy outcome across all species and physiological
states.
In conclusion, a single measure of concentration of AMH of replacement females may be
a useful tool to select replacement females with a high reproductive performance. However, it is
important to consider breed when developing threshold values to delineate the potential for high
and low reproductive outcome as the concentration of AMH varies among breeds of sheep,
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Table 3.1. Concentration of AMH used to classify animals as low, medium and high and total
number of animals for experiment 1 and experiment 2.

Breed

Concentration of AMH (pg/ml)

N

Low

Medium

High

Dorset

< 227 (n = 89)

227 – 447 (n = 89)

> 447 (n = 60)

238

Katahdin

< 403 (n = 24)

403 – 728 (n = 33)

> 728 (n = 20)

77

Suffolk

< 164 (n = 17)

164- 311 (n=18)

> 311 (n= 9)

44
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Table 3.2. Effect of breed (Dorset/Texel Crosses, n = 238 and Katahdin, n = 77) and concentration of AMH (Low, Medium and High)
on reproductive responses of replacement females. Values are least square means ± SEM. Significant interaction P < 0.05.
Reproductive Variable

Breed of Replacement female (B)
Dorset/Texel Cross

P-value

Katahdin

Concentration of AMH (pg/ml)
Low

Medium

High

Low

Medium

High

Conception rate (%)a

81.2 ± 5.0

84.1 ± 4.9

75.7 ± 6.7

41.6 ± 11.9

66.6 ± 10.7

90.0 ± 13.0

Interaction
(B x AMH)
0.02

Pregnancy rate (%) 1st serviceb

61.8 ± 5.3

64.9 ± 5.1

46.4 ± 6.3

25.7 ± 10.8

34.2 ± 9.0

46.8 ± 11.0

0.07

Prolificacy 1st servicec

1.34 ± 0.08

1.23 ± 0.07

1.32 ± 0.1

1.03 ± 0.23

1.04 ± 0.17

1.03 ± 0.17

0.09

Lambing to 1st service (%)d

59.4 ± 6.7

68.1 ± 6.1

53.6 ± 7.8

31.5 ± 13.6

62.4 ± 13.7

90.6 ± 15.4

0.01

a

Number of replacement females diagnosed pregnant as a percentage of ewe lambs marked by rams
Number of replacement females diagnosed on day 30 to 35 as a percentage of all ewe lambs exposed to rams
c
Lambs born per replacement female lambing to the first service period (first 14 days of lambing season)
d
Proportion of replacement females lambing by day 14 of the lambing period
b
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Table 3.3. Main effects of breed (Dorset/Texel crosses, n = 238 and Katahdin, n = 77) and concentration of AMH (Low, Medium and
High) on reproductive responses of replacement females. Significant difference P < 0.05.
Reproductive Response

Breed of Replacement Female

Concentration of AMH (pg/ml)

P-Value

Dorset/Texel Cross

Katahdin

Low
(L)

Medium
(M)

High
(H)

Breed

AMH
H vs. L

Estrous Response (%)a

71.5 ± 3.0

54.4 ± 5.9

67.8 ± 5.5

64.1 ± 4.8

56.9 ± 5.9

0.01

NS

Conception rate (%)b

80.3 ± 3.2

66.1 ± 7.2

61.4 ± 4.4

75.3 ± 5.9

82.8 ± 7.3

0.08

0.07

Pregnancy rate (%) 1st servicec

57.7 ± 3.3

35.6 ± 6.2

43.8 ± 5.9

49.6 ± 6.3

46.6 ± 6.3

0.002

NS

Pregnancy rate (%) 2nd serviced

82.3 ± 2.7

63.0 ± 5.3

74.2 ± 5.0

72.2 ± 4.5

71.5 ± 5.3

0.002

NS

Prolificacye

1.18 ± 0.04

1.03 ± 0.08

1.11 ± 0.07

1.10 ± 0.07

1.09 ± 0.07

0.09

NS

Prolificacy 1st servicef

1.30 ± 0.05

1.03 ± 0.11

1.19 ± 0.12

1.13 ± 0.09

1.17 ± 0.09

0.03

NS

Lambing to 1st service (%)g

60.4 ± 4.0

61.5 ± 8.4

45.5 ± 7.5

65.2 ± 7.4

72.1 ± 8.6

NS

0.04

Lambed (%)

68.7 ± 3.1

41.0 ± 5.9

60.5 ± 5.5

51.9 ± 5.0

52.1 ± 6.0

< 0.001

NS

Lambing rate (%)h

83.9 ± 4.2

39.9 ± 8.1

68.2 ± 7.6

58.7 ± 6.8

58.7 ± 8.1

< 0.001

NS

Ram introduction to lambing (d)i

155.9 ± 0.9

159.04 ± 2.0

160.7 ± 1.7

155.4 ± 1.7

156.3 ± 2.0

NS

0.08

Lambing day (d)j

14.6 ± 0.9

13.6 ± 2.0

17.4 ± 1.8

12.1 ± 1.8

12.8 ± 2.0

NS

0.08

Age to first lambing (d)

398.61 ± 1.71

401.60 ± 1.9

403.3 ± 1.7

398.2 ± 1.7

398.8 ± 2.0

NS

0.08

45

Table 3.4. The relationship between concentration of AMH and reproductive responses in Dorset/Texel crosses (n = 238) and
Katahdin breed (n = 77) ewe lambs. Values are least square means ± SEM. Significant difference and interaction P < 0.05.
Reproductive Response
(RR)

P – Value

Breed of Replacement Female
Dorset/Texel Cross

Katahdin

Incidence of Event
AMH Concentration (pg/ml)

Reproductive
Response
(RR)

Breed
(B)

Interaction
(B X RR)

Yes

No

Yes

No

Estrous Response

316.30 ± 18.7

395.8 ± 31.3

559.2 ± 40.8

571.70 ± 39.2

NS

< 0.001

NS

Conceptiona

313.0 ± 19.0

355.5 ± 39

629.8 ± 47

365.5 ± 64

0.01

0.0006

0.0007

Pregnancy to 1st serviceb

315.9 ± 21.1

384.7 ± 25.3

632.8 ± 51

519.0 ± 37

NS

< 0.001

0.009

Lambing to 1st servicec

330.4 ± 24.3

354.7 ± 30.7

683.3 ± 52.7

408.7 ± 62.0

0.005

< 0.001

0.0009

Lambed

335.3 ± 20.1

362.5 ± 30.4

534.8 ± 42.8

573.2 ± 45.5

NS

< 0.001

NS

a

Number of replacement females diagnosed pregnant and marked by rams
Number of replacement females diagnosed pregnant on day 30 to 35 of all ewes exposed to rams
c
Number of replacement females lambing by day 14 of the lambing period
b
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Figure 3.1. Effect of age on the concentration of AMH in (a) Dorset (n = 238) and (b) Katahdin
(n = 77) replacement females. Each circle represents data from one ewe lamb.
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CHAPTER 4
THE RELATIONSHIP BETWEEN THE CONCENTRATION OF AMH, AGE AND
FOLLICLE GROWTH AND DEVELOPMENT IN WATER BUFFALOES
(Bubalus bubalis)

Abstract

The concentration of anti-mullerian hormone (AMH) and the relationship between AMH,
age and follicular growth and development in water buffaloes was evaluated. Two blood samples
taken from cows and heifers (N = 41; age range: 1.5 to 22.3 years) 6 months apart were used to
determine systemic concentration of AMH, the repeatability of AMH and to assess the
relationship between AMH and age. To determine the effect of AMH on follicular growth and
ovulation, cows (N = 20; age: 5.5 ± 0.43) with concentrations higher or lower than the mean
were placed in the LOW and HIGH AMH groups, respectively. All animals were synchronized
and follicular growth and development was monitored using transrectal ultrasonography. The
mean concentration of AMH was 218 ± 26 and 194 ± 30 pg/ml for samples 1 and 2, respectively.
The within cow repeatability of concentration of AMH was 0.97. AMH generally increased until
10 years of age and then decreased (Quadratic effect: P < 0.001). Females with HIGH AMH had
more large follicles (P = 0.02) than females with LOW AMH. AMH did not affect the numbers
of small, medium and total number of follicles. The diameter of the largest follicle was greater in
animals with HIGH AMH (P = 0.0004) than animals with LOW AMH. AMH did not affect the
pattern of growth and development of follicles or other characteristics of the ovulatory cycle
assessed. In conclusion, the concentration of AMH varies quadratically with age and does not
affect the pattern of growth and development of follicles during the estrous cycle in water
buffaloes.
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Introduction

The water buffalo (Bubalus bubalis) is a significant livestock species in subtropical and
tropical environments and are ideally suited for the production of meat and milk in these areas
(Rastogi et al., 2004; Warriach et al., 2015). However, their productivity is limited due to
inbreeding (Santana et al., 2011; Malhado et al., 2012), poor feeding management (Qureshi et al.,
2007; Zicarelli, 2007), reproductive diseases such as brucellosis (Fosgate et al., 2011) and low
reproductive performance (Singh et al., 2000). Reproductive performance of water buffaloes can
be enhanced with the use of assisted reproductive technology (ART) techniques such as timed
artificial insemination (TAI) superovulation and embryo transfer (Baruselli et al., 1994;
Songasen et al., 1999; Techakumpu et al., 2001; Carvalho et al., 2002; Drost, 2007; Misra et al.,
2007; Li et al., 2012). The success of ART in water buffaloes has been low (Madan et al., 1996;
Neglia et al., 2010; Li et al., 2011) and variable (Gasparrini et al., 2014). Implementation of ART
techniques requires knowledge and understanding about the ovarian cycle of water buffaloes and
cyclical follicular growth and development (Henao et al., 2000; Ali et al., 2003; Vassena et al.,
2003; Gimenes et al., 2011; Yindee et al., 2011; Singh et al., 2015).
Anti-Müllerian hormone (AMH) is a 140-kDa dimeric glycoprotein hormone belonging
to the transforming growth factor-β (TGF-β) family (Cate et al., 1986; Knight et al., 2006). AMH
is expressed by granulosa cells and has been found to be a reliable endocrine marker of the size
of the ovarian pool of antral follicles in humans (Visser et al., 2005), mice (Kevenaar et al.,
2006) and cattle (Ireland et al. 2008;; Rico et al., 2009; Monniaux et al., 2010; Batista et al.,
2014; Souza et al., 2015; Batista et al., 2016). In addition, AMH is known to reduce primordial
follicular activation and reduces the sensitivity of cells to FSH (Gruijters et al., 2003; Weenen et
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al., 2004; Visser et al., 2005). Both AMH and AFC decrease with increasing age (Ireland et al.,
2008; Cushman et al., 2010; Monnaiux et al., 2013) and the production of quality oocytes
following superovulation is known to decrease with age in cattle (Lerner et al., 1986; Breuel et
al., 1991).
Neither the systemic concentration of AMH, nor its relationship to age or follicular
growth and development, have been fully investigated in water buffaloes. Therefore, the
objectives of this study were to define the concentration of AMH in water buffaloes and its
relationship to both age and the pattern of growth and development of follicles.

Materials and Method

Farm and Animals

This experiment was conducted at the Aripo Livestock Station located in Trinidad and
Tobago (longtitude 61oW and latitiude 11oN) with water buffaloes (Bubalus bubalis, N=41)
ranging in age from 1.5 to 22.3 years. The buffaloes were maintained on pasture containing
tanner (Brachiaria arrecta), bamboo (Chasmanthium latifolium), elephant (Pennisetum
purpureum) and mulato grass (Brachiaria spp. Hybrids) with access to water ad libitum. All
females were fed a commercial 16% crude protein (CP) concentrate at a rate of 3 to 4 kg/day for
the duration of the study.
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Experimental Protocol

The systemic concentration and repeatability of plasma AMH was determined from two
(2) blood samples collected 6 months apart. To determine the relationship between AMH and
pattern of follicular growth and development and ovulation cows (N= 20; age: 5.5 ± 0.43 years)
with concentrations of AMH higher or lower than the mean in sample 2 (194 pg/ml) were placed
in the HIGH and LOW AMH groups, respectively. The animals were placed on an estrus
synchronization protocol as outlined in Figure 4.1. Briefly, all females received a controlled
internal drug release device (CIDR, Pfizer Animal Health, New York, NY now Zoetis Animal
Health, Kalamazoo, MI) containing 1.38 g of progesterone at insertion of device (Day 0). On day
6 all females were treated twice with PGF2α (25 mg, i.m. Lutalyse) 5 hours apart. On day 7 the
CIDR was removed.

Ultrasound Scanning

To characterize the pattern of follicle growth, the ovaries was monitored beginning from
CIDR removal for 28 days using transrectal ultrasonography (Aloka 500 Corometrics Medical
Systems, Wallingford, Ct, USA with a 7.5 MHz linear transducer). Number and location of small
(3 to 5 mm), medium (5 to 10 mm) and large (> 10 mm) follicles on each ovary were recorded
daily.
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Blood collection and AMH assay

Blood samples were collected into 10 ml tubes containing EDTA by jugular venipuncture
6 months apart (January and June). The samples were immediately placed on ice and later
centrifuged at 3000 X g for 15 minutes to separate the plasma. Plasma samples were frozen at 20 oC for later analysis. Plasma AMH was determined using an enzyme-linked immunosorbent
assay ELISA kit (ANSH Labs, Webster, Texas, USA). The sensitivity of the AMH assay was
1.1pg/ml and intra-assay CV was < 5 %.

Follicular Growth and Development

The start of the estrous cycle was normalized in all water buffaloes to the day of
ovulation following CIDR removal. Ovulation (day 0) was defined as the disappearance of a
previously identified follicle greater than 10 mm from one ultrasound examination to the next
(Lucy et al., 1991; Ravindra et al., 1994). The dominant follicle (DOF) was defined
morphologically as the largest follicle exceeding the diameter of all the other follicles (Baruselli
et al., 1997; Kulick et al., 1999). The second largest follicle (subordinate follicle – SOF) was the
second largest follicle of all the other follicles (Baruselli et al., 1997). A dominant follicle and its
cohort were defined as a wave (Knopf et al., 1989). The day of maximum diameter is the day at
which the maximum diameter was obtained (Savio et al., 1988; Ginther, 2000). The length of the
estrous cycle was defined as the number of days from one ovulation to the next (interovulatory
interval; Peter et al., 2009).
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Statistical Analysis

To assess the repeatability of systemic AMH concentrations in water buffaloes the
correlation between AMH in blood samples taken from the same animal six months apart was
determined using the PROC REG procedure of SAS (Statistical Analysis System version 9.4 for
Windows; SAS Institute, Cary, NC, USA). A polynomial regression was used to assess the
relationship between concentration of AMH and age in water buffaloes using the PROC REG
procedures of SAS.
The populations of small, medium and large follicles, and the diameter of the largest
(dominant) and second largest (subordinate) follicle over time were analyzed using repeated
measures PROC MIXED. The model included the fixed effect of AMH category (HIGH and
LOW), day and AMH category x day interaction with day as the repeated term. The
autoregressive heterogeneous structure was utilized to estimate the covariance. The slope
responses for day (i.e. linear vs. quadratic effects) and their interaction with main effects were
assessed using a polynomial contrast – using the same model, except that day was considered to
be a continuous variable (Al-Trad et al., 2010). Results were considered significant at a
confidence level of P ≤ 0.05 and a tendency when 0.05 < P ≤ 0.1.
To assess the effect of the concentration of AMH on the characteristics of follicular
development during the estrous cycle, a one way analysis of variance (ANOVA) was conducted
using PROC MIX procedure of SAS and means were separated using Tukey’s HSD. The main
effect of concentration of AMH was determined for day of maximum diameter, day of second
maximum diameter, size of first ovulatory follicle, size of second ovulatory follicle, day of
ovulation and interovulatory interval.
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Results

Concentration of AMH in water buffaloes

The mean concentration of AMH was 218 ± 26 and 194 ± 30 pg/ml for the 1st and 2nd
blood samples, respectively. Concentration of AMH ranged from 6 to 715 pg/ml. The within cow
repeatability of concentration of AMH was 0.97 (Figure 4.2).
Concentrations of AMH changed quadratically with increasing age (Figure 4.3; quadratic
effect, P < 0.001). Concentration of AMH generally increased until 10 years of age and then
decreased thereafter.

Effect of concentration of AMH on growth and development of ovarian follicles during the
estrous cycle

The numbers of small, medium and large follicles (Figure 4.4; P < 0.001) and total
number of follicles (Figure 4.5; P = 0.02) varied with day of the estrous cycle. The diameter of
the largest and second largest diameter follicle changed cubically with day. (Figure 4.7b; cubic
effect P = 0.03 and P = 0.03, respectively).
Water buffaloes in the HIGH AMH group had more large follicles (Figure 4.6; P = 0.02)
than animals in the LOW AMH group. AMH group did not affect the numbers of small, medium
and total number of follicles. The AMH group x Day interaction was not significant for the
numbers of small, medium, large and total number of follicles.
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The maximum diameter of the dominant follicle was greater in cows in the HIGH AMH
group than those in the LOW AMH group (Figure 4.7a; P = 0.0004). AMH did not affect the
diameter of the 2nd largest diameter. The AMH x Day interaction was not significant for largest
and second largest diameter of follicles. Other characteristics of follicle growth and development
and the ovarian cycle were not affected by AMH. (Table 4.1)

Discussion

There are limited reports on the relationship between concentration of AMH and
follicular growth and development of ovarian follicles or the relationship between the
concentration of AMH and age in water buffaloes (Bubalus bubalis).

The present study

demonstrated that in water buffaloes (i) the within cow repeatability of concentration of AMH
was high and almost close to 1 (ii) the concentration of AMH varies quadratically with age (iii)
and water buffaloes with a high concentration of AMH had a greater number of large follicles
and greater maximum diameter of follicles.
The mean concentration of AMH in water buffaloes that were between 1.6 to 22.3 years
old was 218 and 193 pg/ml for the first and second blood samples, respectively, with a range of 6
to 715 pg/ml. The mean concentration reported in the present study was similar to 175 pg/ml
reported for water buffalo heifers at 24 to 30 months (Baldrighi et al., 2014). However the mean
value reported in the present study, was lower than that reported of Bos taurus (239 – 320
pg/ml; Guerreiro et al., 2014; Batista et al., 2014; Baldrighi et al., 2014) and Bos indicus (605 –
1000 pg/ml; Guerreiro et al., 2014; Batista et al., 2014; Baldrighi et al., 2014; Ribereiro et al.,
2014) cattle. The low AMH concentration observed in the present study and that of Baldrighi’s
study, might be due in part to the lower number of primordial and antral ovarian follicles
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reported in water buffaloes (Van Ty et al., 1989; Baruselli et al., 1997; Gimenes et al., 2009).
The lower number of follicles may be due to the great amount of atretic follicles present in the
Bubalus bubalis ovary (Mondadori et al., 2007; 2010) and the decreased proliferative activity of
granulosal and thecal cells associated with these atretic follicles (Isobe et al., 2000; Feranil et al.,
2004). In addition, because AMH is primarily produced in the granulosa cells (Rico et al., 2012;
Monniaux et al., 2013), the decreased proliferation results in lower follicular growth and
development, which may contribute to the low antral follicular count resulting in low AMH.
AMH concentrations in the present study ranged from 6 to 715 pg/ml. Wide range of
AMH values have also been reported for Bos taurus and Bos indicus cattl, 60 to 570, 410 to 1200
pg/ml, respectively, (Batista et al., 2014; Guerreiro et al., 2014; Ribereiro et al., 2014; Baldrighi
et al., 2014) Rasa Aragonesa (0 to 590 pg/ml; Lahoz et al., 2012) and Dorset, Suffolk and
Katahdin sheep (47 to 1100, 47 to 661 and 87 to 1510 pg/ml), respectively; Redhead et al.,
unpublished data). Baldrighi et al. (2014) reported a relatively narrow range of values (110 to
320 pg/ml) in water buffaloes which might have been related to the narrow age range (24 to 30
months) used in that study.
In the present study, the within cow repeatability was 0.97. Similarly, Rico et al. (2009)
analyzed AMH concentration at time points 3 months apart in Holstein dairy cattle and reported
that the within cow repeatability was 0.87. This indicates that intra-animal concentration of
AMH does not change significantly during the short to medium term.
AMH concentration varied quadratically with age of water buffalo. In this study,
concentration of AMH generally increased until 10 years of age and then decreased thereafter.
Similarly, AMH was shown to change quadratically with increasing age in human (Hudson et al.,
1990; Visser et al., 2013). In beef cows, systemic concentration of AMH changed quadratically
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with age, increasing until 5 years then decreasing (Cushman et al., 2009; 2010). In contrast, some
studies in women (Fanchin et al., 2003; van Rooij et al., 2005) and cattle (Ireland et al., 2008)
reported a negative linear relationship between concentration of AMH and age. Additionally,
Erickson et al. (1966) reported that in cattle, the reduction in AFC was related to the reduction in
the size of the ovarian reserve over time. The contrasting observations on the relationship
between AMH and age might be related in part to differences in the range in age of females used
in the studies. Studies using a wide age range would allow the concentration of AMH to be
evaluated when the AFC would be expected to be both increasing and decreasing (Cushman et
al., 2009; 2010). AMH in females is primarily produced by the granulosal cells of the ovarian
follicle and concentration of AMH is positively correlated with antral follicle count (AFC) in
mice (Durlinger et al., 2002a), women (Fanchin et al., 2003), Bos taurus and Bos indicus cattle
(Batista et al., 2014; Batista et al., 2016; Souza et al., 2015; Rico et al., 2009; Ireland et al., 2008)
and in water buffaloes (Baldrighi et al., 2014). The relationship between concentration of AMH
and age observed in water buffaloes in this study is probably reflective of the changes in the
population of antral follicles.
Water buffaloes with a high concentration of AMH had a greater number of large
follicles and a greater maximum diameter. Systemic AMH concentrations have been shown to be
positively correlated with the number of antral follicles in humans (Van Rooij et al., 2002;
Gruijters et al., 2003) and cattle (Ireland et al., 2008; Rico et al., 2009; Batista et al., 2014;
Ribereiro et al., 2014; Baldrighi et al., 2014; Souza et al., 2015; Batista et al., 2016; StojsinCarter et al., 2016). For example, Baldrighi et al. (2014) reported that heifers with high AMH
had a greater AFP than heifers with low AMH in water buffaloes and cattle. Water buffaloes
with a high concentration of AMH would have a greater size of ovarian reserve resulting in a
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greater number of primordial follicles recruited in the preantral and antral stages. As a result,
there are a greater number of small follicles available for the transition into medium and large
follicles. Batista et al. (2014) reported that high concentrations of AMH were associated with an
increase in the number of ovarian antral follicles and suggested that it may be the high
concentration of AMH contributed to lower rates of follicular atresia.
Despite the occurrence of cyclical patterns of growth and development of follicles during
the ovarian cycle, minimal variation in AMH have been observed during the menstrual cycle in
humans (Hehenkamp et al., 2006; La Marca et al., 2006) and the estrous cycle in cattle (Ireland
et al., Rico et al., 2011; Pfeiffer et al., 2014). However, in rats, Baarends et al. (1995) reported
that AMH and AMHRII mRNAs decreased at estrus and suggested that the FSH surge observed
on the morning of estrus may cause a decrease in the level of ovarian AMH mRNA and perhaps
AMHRII mRNA. In the present study, AMH did not affect the pattern of growth and
development during the estrous cycle.
In conclusion, the concentration of AMH in water buffaloes varies quadratically with age.
Since a high repeatability in the intra-animal systemic concentration of AMH exist, a single
blood sample can be used to make reproductive decisions with reference to a specific animal.
The concentration of AMH does not affect the pattern of growth and development during the
estrous cycle in water buffaloes except for size of largest follicle.
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Table 4.1. Effect of concentration of AMH (Low vs. High) on the characteristics of follicular
growth and development in water buffaloes (n = 20) during the estrous cycle. Values are least
square means ± SEM. Significant difference P < 0.05.
Characteristic

Concentration of AMH (pg/ml)

P-Value

Low

High

Size of first ovulatory follicle (cm)

1.27 ± 0.1

1.24 ± 0.09

0.8

Size of second ovulatory follicle (cm)

1.07 ± 0.06

1.16 ± 0.06

0.4

Day of largest diameter of follicle

15.0 ± 1.9

13.5 ± 1.7

0.6

Day of 2nd largest diameter of follicle

15.8 ± 1.8

14.4 ± 1.6

0.6

Interovulatory period (days)

20.2 ± 0.9

18.6 ± 0.9

0.2
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Figure 4.1. Estrus synchronization protocol.
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Figure 4.2. Regression Plot of anti-Mullerian hormone (AMH) concentrations 6 months apart in
20 water buffaloes (Bubalus bubalis). Linear regression equation: y= 0.965x + 1.5758. The
coefficient of determination and the average CV between samples were 0.97 and < 5%.
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Figure 4.3. Regression of concentration of AMH on age in water buffaloes (Bubalus bubalis, n =
41) between the ages 0 to 22 years. As age increased, there was a quadratic effect concentration
of AMH (P < 0.05) such that the concentration increased until 10 years of age and decreased
thereafter.
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Figure 4.4. Growth and development of ovarian follicles, small (3-5 mm), medium (5-10 mm) and large (> 10mm) of water buffaloes
(Bubalus bubalis, n = 20) during the estrous cycle (Day 0 = day of ovulation). Values are least square means ± SEM. Significant day
effect P < 0.05.
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Figure 4.5. Average daily total numbers of follicles of water buffaloes (Bubalus bubalis, n = 20)
during the estrous cycle (Day 0 = day of ovulation). Values are least square means ± SEM.
Significant day effect P < 0.05.
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Figure 4.6. Effect of concentration of AMH (Low vs. High) on the average daily number of
small (3-5 mm), medium (5-10 mm), large (> 10 mm) follicles and total number of follicles in
water buffaloes (Bubalus bubalis, n = 20) during the estrous cycle. Values are least square means
± SEM. *P < 0.05, compared with cows with low concentration of AMH.
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Figure 4.7. Effect of (a) concentration of AMH (Low vs. High) and (b) day on the largest
diameter and second largest diameter of follicle of water buffaloes (Bubalus bubalis, n = 20)
during the estrous cycle (Day of ovulation = 0). Values are least squares means ± SEM. *P <
0.05, compared with cows with low concentration of AMH. Significant day effect P < 0.05.
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CHAPTER 5
THE EFFECT OF CIRCULATING CONCENTRATION OF AMH AND TYPE OF
FOLLICLE STIMULATING HORMONE (FSH) ON FOLLICLE GROWTH AND
OVULATORY RESPONSE TO SUPEROVULATION IN WATER BUFFALOES
(Bubalus bubalis)
Abstract

The relationship between circulating concentration of anti-mullerian hormone (AMH) and type
of follicle stimulating hormone (FSH) preparation on follicular growth and ovulatory response in
water buffaloes was evaluated. A single blood sample was taken from cows (N= 31; age: 9.06 ±
0.98 years) to determine systemic AMH. Animals with concentrations higher or lower than 194 ±
30 pg/ml were placed to LOW and HIGH AMH groups and were assigned randomly to be
superovulated with either FSHp (high LH content) or Folltropin V (low LH content). Follicular
growth and ovulation were monitored using transrectal ultraonography. In animals with HIGH
systemic AMH, FSHp increased the numbers of small follicles. The type of FSH preparation had
no effect on the number of small follicles in animals with low AMH (AMH x FSH; P = 0.02).
Females with a HIGH AMH had a greater numbers of small follicles (P = 0.01) and total follicles
(P = 0.005) than those with LOW AMH. Females treated with FSHp had more small follicles (P
= 0.001) and fewer large (P < 0.001) and total follciles (P = 0.0005) than those treated with
Folltropin V. In animals with HIGH AMH, Folltropin V increased the number of ovulated
follicles (AMH x FSH; P = 0.03). Females with HIGH AMH (P = 0.05) and those treated with
Folltropin V (P < 0.001) ovulated more follicles than those with LOW AMH and those treated
with FSHp, respectively. In conclusion, selecting animals with high AMH concentration and the
use of FSH preparations with a lower LH content may improve the superovulatory response in
water buffaloes.
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Introduction

Water buffaloes are ideally suited for the production of meat and milk in developing
countries (Rastogi et al., 2004; Warriach et al., 2015). However, improvement and distribution of
superior water buffalo genetics has been slow due to the limited use of reproductive management
techniques and poor yields of oocytes and embryos following superovulation treatments. In
cattle, the number of ova/embryos recovered and the transferable yield following superovulation
varies between 8-12 and 4-6 respectively (Lerner et al., 1986; Breuel et al., 1991; Bo et al., 2014;
Hasler, 2014; Gabriel et al., 2014; Silva-Santos et al., 2014; Souza et al., 2014). In contrast, the
average number of recoverable embryos derived from using similar superovulatory protocols has
been less than 2 in water buffaloes (Madan et al., 1996; Carvalho et al., 2002; Neglia et al., 2003;
Drost et al., 2007; Li et al., 2011) and in Mediterranean (Neglia, 2010) and Swamp (Songasen et
al., 1999; Techakumpu et al., 2000) buffaloes. Additionally, the application of superovulation
treatments has been limited by high among animal variability (Govignon et al., 2000; Gasparrini
et al., 2014).
A major determinant of responsiveness to superovulation treatments is the number of healthy
follicles that are available in the follicular pool. Water buffaloes exhibit fewer primordial
(Danell, 1987) and antral (Baruselli et al., 1997) follicles in comparison to cattle.
Ultrasonographic determination of the antral follicle count (AFC) has been shown to be
correlated with subsequent response to superovulation in cattle (Ireland et al., 2007), but may not
be reliable due to different skills of operators, types of machine, criteria used to determine AFC
and stage of follicular wave at time of observation (Burns et al., 2005; Monnaiux et al., 2010).
Therefore, the use of an alternative predictor of superovulatory response may be beneficial.
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Anti-Müllerian hormone (AMH) is a 140-kDa dimeric glycoprotein hormone that belongs to
the transforming growth factor-β (TGF-β) family (Cate et al., 1986; Knight et al., 2006). It is
expressed by granulosal cells and has been found to be a reliable endocrine marker of the size of
the ovarian follicle pool in humans (Visser et al., 2005), mice (Kevenaar et al., 2006) and cattle
(Ireland et al., 2008; Rico et al., 2009; Monniaux et al., 2010; 2012; Batista et al., 2016). AntiMullerian hormone is known to play a critical role in folliculogenesis by modulating follicle
stimulating hormone (FSH) function (Weenen et al., 2004; Bentzen et al., 2013).
A strong positive correlation exists between concentration of AMH and superovulatory
response as measured by ovulation and embryo recovery rate in cattle (Monniaux et al., 2010;
Rico et al., 2012; Vernunft et al., 2015; Souza et al., 2014; Hirayama et al., 2016), goats
(Monniaux et al., 2011) and sheep (Lahoz et al., 2014; Garcia Salas et al., 2017). This
relationship has allowed the concentration of AMH to be used as a predictive endocrine marker
of ovulation and embryo recovery rates following superovulation (Guerreiro et al., 2014; Souza
et al., 2014; Batista et al., 2016). In water buffaloes, the relationship between the concentration
of AMH and superovulatory response has not been fully established. The yield of transferable
embryos is also influenced by age and parity (Breuel et al., 1991; Lerner et al., 1986; Hasler,
2014) and the circulating concentration of AMH is inversely related to age in humans (van Rooij
et al., 2005; Rosen et al., 2012) and cattle (Batista et al., 2016; Jimenez-Krassel et al., 2015).
The follicle stimulating hormone (FSH) preparation used in the protocol affected the
response to superovulation treatments (Madan et al., 1996; Kafi et al., 1997; Hasler, 2014). For
example, high LH content (low FSH/LH ratio) negatively affected the superovulatory response,
fertilization rate and embryo recovery in water buffaloes (Murphy et al., 1984) and cattle (Greve
et al., 1995; Kelly et al. 1997). Conversely, in cattle studies, donors treated with FSH
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preparations with low LH content had more viable embryos, total number of ova recovered and
higher fertilization rate (Chupin et al., 1984; Mapletoft et al., 1988; Lopes de Costa et al., 2001;
Quaresma et al., 2003). Few studies have explored the effect of different FSH preparations on
follicle growth and superovulatory response in water buffaloes (Techakumphu et al., 2000; Singh
et al. 2015).
Due to the low and variable response in water buffaloes and the high cost of superovulation
treatments, the ability to predict females that will show a high and repeatable response to
superovulation treatments is needed to preserve superior genetics. Therefore, the objective of this
study was to determine the relationship between circulating concentrations of AMH and type of
FSH preparation on follicle growth and ovulatory response in water buffaloes.

Materials and Method

Materials

The procedures used in these studies were approved by the West Virginia University
Animal Care and Use Committee (IACUC #13-120). Follicle stimulating hormone (11.4% LH;
Amstrong et al., 1986) from porcine pituitary (FSHp; product number F2293) and estradiol 3
benzoate (product number E8515) was obtained from Sigma Aldrich Chemicals, USA. Folltropin
V (2.5% LH; Armstrong et al., 1986) was obtained from Vetoquinol, Canada. 17-α
hydroxyprogesterone caproate (17-OHP) was obtained from Abcam Biochemicals, USA. The
Controlled Internal Drug Release Device (CIDR) was obtained from Pfizer Animal Health, New
York, NY (now Zoetis Animal Health, Kalamazoo, MI). PGF2α (Lutalyse) was obtained from
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Pfizer Animal Health, New York, NY (now Zoetis Animal Health, Kalamazoo, MI).
Gonadotropin releasing hormone (gonadorelin diacetate tetrahydrate; GnRH) was obtained from
Merial LLC, Duluth, GA. Stock solutions of estradiol (333µg/ml) and progesterone (50 mg per
ml) were prepared for use.

Farm and Animals

The experiment was conducted at the Aripo Livestock Station located in Trinidad and
Tobago (longtitude 61oW and latitiude 11oN). Water buffaloes (Bubalus bubalis, N=31) with
ages ranging from 2 to 22 years were used in this study. The buffaloes were maintained on
pasture containing tanner (Brachiaria arrecta), bamboo - (Chasmanthium latifolium), elephant (Pennisetum purpureum) and mulato (Brachiaria spp. Hybrids) grasses with access to water ad
libitum. All females were fed a commercial 16% crude protein (CP) concentrate at a rate of 3 to
4 kg/day for the duration of the study.

Experimental Protocol

To test the effects of concentration of AMH on follicular growth and ovulation, the
systemic concentration of AMH was determined from one (1) blood sample taken from each cow
(N= 31; age: 9.06 ± 0.98 years). Females with concentrations of AMH higher or lower than the
mean concentration (194 ± 30 pg/ml) were placed in the LOW (mean: 84 ± 12 pg/ml) and HIGH
(mean: 396 ± 40 pg/ml) AMH groups, respectively. To determine the effects of different types of
FSH preparations, cows within the HIGH and LOW AMH groups were randomly assigned to be
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superovulated using an equivalent amount of NIH-FSH-P1 as either FSHp (11.5% LH) or
Folltropin V (2.5% LH). The superovulation protocol is outlined in Figure 1. Briefly, each
female received a controlled internal drug release device containing 1.38 g of progesterone and
was injected with 1 mg estradiol benzoate and 350 mg progesterone (i.m.) at insertion of device
(Day 0). Beginning on day 4 through day 7, animals were injected twice daily with decreasing
doses of their assigned follicle stimulating hormone (FSH) preparation (80, 80, 60, 60, 40, 40, 20
and 20 mg of NIH-FSH-P1 equivalent on days, 4, 5, 6 and 7 respectively). At the times of the 6th
and 7th doses, all females were treated with PGF2α (25 mg, Lutalyse ;i.m.). On day 7 the CIDR
was removed and each animal was injected with 2 mls Cystorelin (100 µg gonadotropin
releasing hormone - GnRH).

Blood collection and AMH assay

Blood samples were collected into 10 ml tubes containing EDTA by jugular venipuncture
at the start of the synchronization and superovulation protocols. The samples were immediately
placed on ice and later centrifuged at 3000 X g for 15 min to harvest plasma. The plasma
samples were frozen at -20o C for later analysis. Plasma AMH was determined using an enzymelinked immunosorbent assay ELISA kit (ANSH Labs, Webster, Texas, USA). The sensitivity of
the AMH assay was 1.1 pg/ml and intra-assay CV was < 5%.

Ultrasound Scanning
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To monitor follicle growth and development, and ovulation the ovaries were monitored
on days 4 to 11 using transrectal ultrasonography (Aloka 500 Corometrics Medical Systems,
Wallingford, Ct, USA with a 7.5 MHz linear transducer). Number and location of small (3 to 5
mm), medium (5 to 10 mm) and large (> 10 mm) follicles on each ovary were recorded daily and
the total number of large follicles that disappeared on day 9 and 10 and assumed ovulated were
recorded.

Statistical Analysis

A two-way Analysis of Covariance (ANCOVA) was conducted using the PROC MIX
procedure of SAS (Statistical Analysis System version 9.4 for Windows; SAS Institute, Cary,
NC, USA) to determine the effect of concentration of AMH (HIGH vs LOW) and FSH type
(Folltropin vs FSHp) and their interaction controlling for age of water buffalo on small, medium
and large follicles, as well as ovulations. Age as a covariate in the statistical model should
increase the power to detect treatment effects. Changes in the populations of small, medium and
large follicles over time were analyzed using repeated measures in PROC MIXED. The model
to test for the main effects of treatment, day, and treatment x day interaction, included the fixed
effects of AMH concentration category (HIGH and LOW), FSH type (Folltropin and FSHp) day
(4, 5, 6, 7, 8, 9, 10, and 11) and their interactions, with day as the repeated term. The
autoregressive heterogeneous covariance structure was utilized. The slope responses for day (i.e.
linear vs quadratic effects) and their interaction with main effects were assessed using a
polynomial contrast – using the same model, except that day was considered to be a continuous
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variable (Al- Trad et al., 2010). Results were considered significant at a confidence level of P ≤
0.05 and a tendency when 0.05 < P ≤ 0.1.

Results

Growth and development of ovarian follicles

Numbers of small, medium and large follicles varied with day of synchronization
protocol (Figure 5.2). Numbers of small follicles remained constant on days 4 to 5 and decreased
from day 6 through 11 (P < 0.001). Numbers of medium follicles increased from days 4 through
6, declined from days 7 to 9 and remained constant through days 9 to 11 (quadratic, P < 0.001).
Numbers of large follicles remained constant on days 4 through 6, increased from day 7 to 9
before declining (quadratic, P < 0.001).

Effect of the concentration of AMH and FSH preparation type on the number of small, medium
and large follicles

There was an interaction of concentration of AMH x FSH preparation on the number of
small follicles (P = 0.02; Figure 5.3). In animals treated with FSHp, HIGH systemic AMH was
associated with more follicles. However, systemic concentration of AMH had no effect on the
number of small follicles in animals treated with Folltropin V.
Water buffaloes with HIGH AMH had more small follicles (P = 0.01; Figure 3) and more
total (P = 0.005; Figure 5.4) follicles than animals with LOW AMH. Animals with HIGH AMH
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tended (P = 0.1; Figure 5.4) to have more large follicles than animals with LOW AMH.
Concentration of AMH did not affect the number of medium follicles.
Water buffaloes treated with the FSH with a high LH content (FSHp) had more small
follicles (P = 0.001; Figure 5.5) and fewer large (P < 0.001; Figure 5.5) and total follicles (P =
0.0005; Figure 5.5) than animals treated with FSH with a low LH content (Folltropin V).
Animals treated with FSHp tended to have a greater number of medium follicles than animals
treated with Folltropin V (P = 0.09; Figure 5.5).

Effect of the concentration of AMH and FSH preparation type on the number of large follicles
that disappeared (ovulated)

There was significant concentration of AMH x FSH preparation interaction on the
number of ovulated follicles (P = 0.03; Figure 5.6). In animals treated with Folltropin V, HIGH
AMH was associated with a greater number of ovulated follicles. However systemic
concentration of AMH had no effect on number of ovulated follicles in animals treated with
FSHp. Nevertheless, systemic concentration of AMH had no effect on number of ovulated
follicles in animals treated with FSHp.
Animals with HIGH AMH (P = 0.05; Figure 5.7a) and those treated with the FSH
preparation with a low LH content (P < 0.001; Figure 5.7b) ovulated more follicles than animals
with LOW AMH and those treated with FSH preparation with a high LH content, respectively.
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Discussion

The ovarian antral follicular reserve in water buffalo is low and highly variable among
females which limits the application of superovulation and embryo transfer reproductive
technologies. Identification of a reliable predictive marker of the population of small antral
gonadotropin-responsive follicles is essential to improve the superovulatory response. Limited
reports exist on the relationship between circulating concentration of AMH and the type of FSH
preparation on follicle growth and development and on the ovulatory response in water buffaloes
(Bubalus bubalis). The present study demonstrated that in water buffaloes (i) the type of FSH
preparation influences the superovulatory response (ii) systemic concentration of AMH is a good
indicator of the superovulatory response when the FSH preparation type with low LH is used in
the superovulation treatment.
Ovulation rate was greater in buffalo females with HIGH AMH. A positive correlation
between concentration of AMH and ovulation rate following superovulation protocols has been
reported in dairy cattle (Rico et al., 2009; 2012 [0.64 and 0.43]; Souza et al., 2015 [0.65]), and in
goats (Monnaiux et al., 2011 [0.87]). Therefore, AMH has been used as a predictor of the
superovulatory response in these species. In addition, plasma concentrations of AMH of cows
before the iniation of superovulatory treatments have been found to be characteristic of an
individual female over a long-term period and predictive of numbers of ovulations and embryos
produced in response to superovulation treatments (Rico et al., 2009; Monniaux et al., 2010).
Whether concentration of AMH has a causative effect on the superovulatory response or is
simply a reflection of the number of potential ovulatory follicles remains unclear. Cows with a
low concentration of AMH had a low AFC and elevated circulating concentrations of FSH
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(Ireland et al., 2011). Low AFC indicates a low number of potential ovulatory follicles (Burns et
al., 2005; Haughian et al., 2004; Ireland et al., 2007), which would result in a low superovulatory
response. However, Baldrighi et al. (2014) suggested that buffaloes with low concentrations of
AMH have high rates of atresia, which would result in low AFC and hence a decline in
superovulatory response.
Souza et al. (2014) suggested that the reduced superovulatory response in cows with a
low concentration of AMH may be due to reduced sensitivity to FSH or reduced numbers of
antral follicles that can respond to exogenous FSH treatment. Scheetz et al. (2012) observed that
granulosal cells from cows with high AFC (high AMH) were more sensitive to FSH than cows
with low AFC (AMH). They suggested that this may be due to reduced expression of FSH
receptor mRNA in granulosal cells from cows with low concentration of AMH. However,
Ireland et al. (2011) suggested the elevated concentrations of FSH observed in cows with low
AFC (low AMH) could down regulate follicular sensitivity to exogenous FSH stimulation.
Type of FSH preparation affected the pattern of follicular growth s and ovulation rate. In
FSHp-treated animals, the number of medium follicles increased but did not transition into large
ovulatory follicles. In contrast, in Folltropin-treated animals the number of small follicles
increased, which then transitioned into medium and then large ovulatory follicles with
progression of the estrous cycle, ultimately resulting in a greater ovulation rate in Folltropintreated cows compared to FSHp-treated animals. The positive effect of high systemic
concentration of AMH on superovulatory responses was observed only in females treated with
FSH preparation with low LH content.
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Folltropin is a relatively purified FSH preparation with lower LH activity due to the
removal of approximately 80% of its original LH content (Amstrong et al., 1986; Wu et al.,
1988). In contrast, FSHp is a relatively crude porcine pituitary extract with high LH content
(Lindsell et al., 1986; Amstrong et al., 1986). In cattle, a greater superovulatory response was
obtained using rbFSH without addition of exogenous LH (Looney et al., 1988; Bo et al., 2014),
and ovulation rate increased with decreasing concentrations of LH in the superovulatory
treatment (Chupin et al., 1984; Page et al., 1989; Willmott et al., 1990). Excess LH can cause
premature luteinization or ovulation of the FSH-stimulated follicles by altering their endocrine
milieu in cows (Callesen et al., 1986; 1987) and sheep (D’ Aessandro et al., 2016). In addition,
high LH content for prolonged periods before the LH surge disturbed the ability of follicles to
ovulate without changes in recruitment and growth of follicles in cattle (Murphy et al., 1984) and
sheep (Gonzalez-Bulnes et al., 2003; Dobson et al., 1997). Furthermore high LH content also
initiates an increase in the number of small growing follicles (Picton et al., 1990) in an indirect
way by regulating output of the growth factors. In contrast to the finding in this study and those
in cattle that FSH preparations with low LH activity are preferable for superovulation (Bo et al.,
2014), D’Alessandro et al., (2016) reported that the increase in total of FSH/LH ratio from 1:1
(250 IU pFSH/250 IU pLH) to 2:1 (250 IU pFSH/125 IU pLH) did not improve the
superovulatory response in sheep. This may have been due to the massive ovarian stimulation
causing a reduction in the proportion of ovulating follicles due to a decrease in their
responsiveness to LH (Saumande et al., 1986).
In females treated with FSHp, high systemic concentrations of AMH were associated
with a greater number of small follicles. Both FSH and LH supplementation appear to be critical
for follicular development. Garza et al. (1984) suggested that in the guinea pig exogenous LH
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might induce the recruitment of small follicles by prevention of atresia. Breen et al. (2012)
suggested in prepubertal gilts, that a greater amount of LH is needed to sustain small follicles
and to stimulate their development. In addition, theca cells express LH receptors and LH
stimulates the production of androgen substrates (Gougeon, 1996). Vendola et al. (1998)
suggested that these androgens act as growth factors to increase the growth and number of small
antral follicles. Follotropin V contains a low LH content. The LH content in Follotropin V may
not support the development of small antral follicle into preovulatory follicles.
In conclusion, a positive correlation between the concentration of AMH and the
superovulatory response was observed in water buffaloes. Because a high repeatability in the
intra-animal systemic concentration of AMH exists, use of AMH concentration determined from
a single blood sample may be used to predict females that will show a high and repeatable
response to superovulation treatments. The use of FSH preparations with lower LH content could
be used to improve the low superovulatory response in water buffaloes.
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Figure 5.1. Experimental Plan and Timeline.
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Figure 5.2. Growth and development of small (3-5 mm), medium (5-10 mm) and large (> 10
mm) ovarian follicles of water buffaloes (Bubalus bubalis, n = 31) treated to induce
superovulation during the pre-ovulatory period. Values are least square means ± SEM. Day
effect for small, medium and large follicles P < 0.001.
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Figure 5.3. Interaction of concentration of AMH (High and Low) and type of FSH preparation
type (FSHp high LH content vs Follotropin low LH content) on the number of small (3-5 mm)
follicles during the pre-ovulatory period in water buffaloes (Bubalus bubalis, n = 31) treated to
induce superovulation Values are least squares means ± SEM. *P < 0.05, compared with cows
treated with Follotropin.
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Figure 5.4. Effect of concentrations of AMH (Low vs. High) on numbers of medium (5-10 mm),
large (> 10 mm) and total follicles of water buffaloes (Bubalus bubalis, n = 31) during the preovulatory period treated to induce superovulation. Values are least square means ± SEM. *P <
0.05, compared with cows with low concentration of AMH.
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Figure 5.5. Effect of type of FSH preparation (FSHp, high LH content vs Follotropin, low LH
content) on numbers of medium (5-10 mm), large (> 10 mm) and total follicles during the preovulatory period in water buffaloes (Bubalus bubalis, n = 31) given treated to induce
superovulation. Values are least squares means ± SEM. Values are least squares means ± SEM.
*P < 0.05, compared with cows treated with Follotropin.
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Figure 5.6. Effect of concentration of AMH (Low and High) and type of FSH preparation type
(FSHp, high LH content and Follotropin, low LH content) on the number of large (> 10 mm)
follicles that disappeared in water buffaloes (n = 31) treated to induce superovulation. Values are
least squares means ± SEM. *P < 0.05, compared with cows treated with Follotropin.
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Figure 5.7. Effect of (a) concentration of AMH (Low vs. High concentrations) (b) FSH
preparation type (FSHp high LH content vs. Follotropin low LH content) on the number of large
(> 10 mm) follicles that disappeared in water buffaloes (n = 31) treated to induce superovulation.
Values are least square means ± SEM). *P < 0.05, compared with cows with low AMH
concentration and treated with Follotropin, respectively.
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CHAPTER 6
SUMMARY AND GENERAL CONCLUSIONS

With the experiments presented in this dissertation, we have evaluated the
relationship between concentration of anti-mullerian hormone (AMH) and (1) age and
breed in replacement ewes (2) age and follicular growth and development in water
buffaloes (3) type of FSH preparation, follicular growth and development and
superovulatory response in water buffaloes.
In study 1, the objectives were to evaluate the concentration of AMH in
replacement females of different breeds and ages and to determine if the relationship
between the concentration of AMH and fertility varies with breed. It was observed that
Katahdin replacement females had a higher concentration of AMH than Dorset/Texel
(DT) and Sufflolk females. In addition, as age increases AMH decreased for Dorset
females only. Katahdin females with HIGH AMH had a higher conception rate and
lambing to the first service AMH did not affect conception rate and lambing to service of
Dorset replacement females. Furthermore, Katahdin replacement females that conceived
and lambed to the first service had a higher concentration of AMH. AMH did not differ
among Dorset females. From this study, we concluded that a single measurement of
systemic AMH may be a useful tool to select replacement females with a high
reproductive performance. In addition, AMH varies among breed in replacement ewes.
Therefore, it is important to consider breed when developing threshold values to delineate
the potential for high and low reproductive outcome when interpreting AMH data.
In study 2, the objectives were to define the concentration of AMH in water
buffaloes and its relationship to age, pattern of growth and development of follicles and
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ovulation in water buffaloes. It was observed that the within cow repeatability of AMH
was 0.97 and AMH increased until 10 years of age and then decreased. In addition,
females with HIGH AMH had more large follicles and follicles with a greater maximum
diameter than females with LOW AMH. From this study we concluded that since a high
repeatability in the intra-animal systemic concentration of AMH was observed and
females with HIGH AMH had more large follicles, a single blood sample can be used to
make reproductive decisions in reference to a specific animal.
In study 3, the objectives were to determine the relationship between AMH and
type of follicle stimulating hormone (FSH) preparation on follicular growth and
ovulatory response in water buffaloes. It was observed that females with HIGH AMH had
more small follicles. Females treated with FSH preparation with a high LH content had
more small follicles and fewer large and lower total number of follicles. In females
treated with FSHp, high systemic concentration of AMH was associated with more small
follicles. Females with HIGH AMH and those treated with FSH preparation with a low
LH content had more ovulated follicles. In animals treated with Follotropin V, high
systemic AMH was associated with more ovulated follicles. From this study we
concluded that the use of the concentration of AMH determined from a single blood
sample to select high responders and the use of FSH preparations with lower LH content
can be used to improve the low superovulatory response in water buffaloes.
These experiments provide useful information regarding the use of AMH to
identify animals with a high reproductive potential in replacement females and water
buffaloes. In addition, these studies demonstrate the importance of separately considering
animals of different genetic backgrounds when analyzing and interpreting AMH data for
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replacement females. However, further studies are needed to investigate further the
relationship between AMH and fertility in replacement females. For example, the use of
AMH to predict field fertility is still controversial and further studies using large numbers
of animals are needed to make definite conclusions. In addition, the results of these
studies may allow us to propose AMH a reliable marker of ovarian activity and as a
predictor of ovarian response to superovulation treatments.
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